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Contemporary communications infrastructure is undergoing major enhancements
via the integration of various network components in order to support growing
worldwide data requirements. Microfluidic cooling is required to mitigate induced
localised hot spots within Photonic Integrated Circuits (PICs) in the packaging
technology, as microscale lasers must be maintained within a tolerance of ± 0.1
K of their operating temperature. Convective heat transfer is limited due to the
laminar conditions of Newtonian fluids imposed by pumping limitations. Previous
works determined that enhanced heat transfer is possible in such microchannels
via non-Newtonian fluids including viscoelastic solutions, through a phenomenon
termed elastic turbulence, at low Reynolds numbers. These fluids are typically
quite viscous (η > 200 cP), resulting in an increased pumping penalty. The
primary objective of this thesis is to study the dynamics of Newtonian and low
viscosity (and thus easier to pump) non-Newtonian fluids in such channels, in
order to determine how the flow of such fluids behaves over a range of pressure
drops within microchannel geometries. If sufficient mixing at low pressure drops
is present in such flows, they could be employed to enhance the heat transfer rate
of devices such as PICs.
The pressure-flow measurements of microchannel configurations (e.g. micro-
gaps of planar area 1 mm x 200 µm) were initially conducted to determine the
optimum channel design for laminar Newtonian flow. A channel containing micro-
posts (diameter = 50 µm) was further characterised using micro-Particle Image
Velocimetry (µPIV) for both a Newtonian (DI water) and a non-Newtonian 100
parts per million (ppm) polyacrylamide solution. Enhanced mixing was observed
for polyacrylamide flow (fluctuation magnitude, I ≈ 38% of the mean velocity)
compared to a negligible 4% for the Newtonian counterpart at an applied pressure
of 150 kPa. Due to the fouling of the geometry and possibility of solution
degradation, wormlike micellar solutions (500 and 1,000 ppm CTAC/NaSal fluids),
which exhibit a birefringent response under flow induced stresses, were chosen
for further investigation. The dynamics of both solutions and a Newtonian
counterpart were optically characterised in a serpentine channel of two different
aspect ratios (w = 250 µm, h = 250 µm and 500 µm respectively) using µPIV
over a pressure drop range of 2.5 – 100 kPa. Birefringence measurements were
also recorded to qualitatively evaluate the flow-induced stress patterns within the
CTAC solutions. The behaviour of the velocity fields and colour changes observed
for the fluids were analysed to determine if fluid mixing occurred.
It was concluded that larger I occurred within the 500 µm deep singular
serpentine bend channels for the 500 ppm and 1,000 ppm CTAC/NaSal solutions
(≈ 51% and 42% respectively) at 2.5 kPa in comparison to negligible I for a
Newtonian flow. The fluctuation magnitude for both viscoelastic solutions was
also higher (≈18%) in comparison to Newtonian flow in 250 µm deep channels.
Such enhanced mixing could help to increase convective heat transfer. However,
there is a pressure drop penalty (≈ 42%) associated with the 1,000 ppm solution
compared to DI water at higher flow rates. The mixing occurs from elastic
turbulence of the fluid, and from rotation of the flow approaching the second
iv
serpentine bend. A corkscrew effect is apparent from the flow field analysis.
Steady out-of-plane flow fluctuation is present at higher pressures, as noted from
divergence patterns, indicating that Dean flow is occurring with higher flow rates.
The observed colour changes from the birefringence measurements indicate that
the maximum shear stress occurred at the location of turbulent-like mixing. A
significant decay of I at higher pressures is postulated to be due to the scission of
the micelles due to increasing shear rates. The findings of this thesis enhance the
understanding of 2D and 3D mixing behaviour of viscoelastic flow, which could
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The overall motivation for this thesis is the evolution of the optical communication
infrastructure required to meet increasing worldwide demands for high bandwidth
applications. In particular, this evolution has given rise to thermal challenges
driven by the integration of network equipment to enhance its overall functionality
and reliability, resulting in higher power densities and thus larger device-level heat
fluxes. Within this context, this thesis addresses aspects of a microfluidic thermal
management solution for Photonic Integrated Circuits (PICs), specifically the
hydrodynamic behaviour of fluid flow within microchannel geometries that could
be exploited to enhance heat transfer within the PIC devices.
This chapter describes these thermal challenges and the associated
microfluidic solutions. A review of the literature is presented, encompassing
Newtonian fluid flow in channels to enhance heat transfer, the dynamics of
non-Newtonian fluid flows, and the exploitation of phenomena associated with
viscoelastic fluid solutions in various microchannel geometries. The chapter
concludes with the research objectives and an outline of the thesis.
1.1 Worldwide Data Traffic
Significant advances in communication technologies, including the Internet of
Things (IoT), online gaming, health monitoring and high definition video
streaming services, have resulted in a heavily data reliant society. Mobile data
traffic grew 82% between the first quarters of 2018 and 2019 (Ericsson (2019)).
1
1. INTRODUCTION
The SARS-CoV-2 pandemic beginning in 2020 placed unprecedented demands
on the network infrastructure, with a growth of 50% in data traffic between the
third quarters of both 2019 and 2020 (Ericsson (2020a)). As billions of people
worldwide continue to gain access to the internet, with 650 million devices and
connections added in 2017 (Cisco (2019)), data traffic is set to increase.
Figure 1.1 shows the global data traffic in terms of Exabytes (EB) per month
(Ericsson (2020a)) from the first quarter of 2014 to the third quarter of 2020.
It is clear that mobile data is continually rising in an apparently exponential
manner, with total traffic expected to average around 51 EB per month. This
growth can be attributed to the predominance of high-definition video content
online, particularly 2K and 4K resolution, which now accounts for approximately
58% of downstream traffic worldwide (Sandvine (2018)). The video sharing
service YouTube alone accounts for 35% of mobile traffic worldwide, while Netflix
constitutes 15% of this traffic (Sandvine (2019)). According to Ericsson (2020b),
overall data traffic is expected to rise from 33 to 164 EB per month between 2019
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Figure 1.1: Global data traffic growth in terms of EB per month (adapted from
Ericsson (2020a)). The pink bars indicate quarterly data traffic, with the blue line
indicating year-on-year growth.
2
1.2 Photonic Integrated Circuits
Large bandwidths are required to facilitate current and emerging
communications technologies. As the demand continues to challenge current
telecommunications infrastructure, each element of the communications network
must be developed to meet the predicted data rates (Jeffers et al. (2014)). There is
an industry desire to continuously integrate various components of the network in
order to improve performance and efficiency while reducing package size and costs.
Increasing levels of integration pose thermal management difficulties, limiting
system function and reliability.
1.2 Photonic Integrated Circuits
Photonic Integrated Circuits (PICs) are a specific technological development
that is helping to enable the large bandwidths that are required to support
the continued increase in data traffic worldwide. PICs are an opto-electronic
packaging technology that integrate multiple photonic functions in a single device.
An example of such a packaging technology is a transceiver, used in optical fibre
communication networks, and this is the specific focus of this thesis. Transceivers
are efficient in transmitting and receiving data from lasers over long distances,
and will be instrumental in meeting the predicted data growth in the future. The
current status of PIC packaging is described in the following sub-section.
1.2.1 PIC packaging
In the context of optical communications infrastructure, there are typically four
packaging levels associated with a transceiver (realised as a PIC) within a rack-
mounted communication system located within a data centre. A schematic of
the labelled levels are shown in Figure 1.2 (Jeffers et al. (2014)). The overall
configuration is composed of the following:
 Level 1 : The highest heat fluxes (≈ 1 kW/cm2) are localised within this
level that houses the transceiver (≈ 10-20 mm in scale). The functional core
of the level is a laser array, fabricated from a solid III-V band-gap material,
such as indium phosphide (InP). Typically, the lasers within such arrays
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can undergo a wavelength shift of ≈ 0.4 nm/K (Fukuda (1998)). To ensure
that the transmitted wavelength is controlled in order to prevent the loss
of data between transmitter and receiver, the lasers must be maintained
within ± 0.1 K of their specified operating temperature. This stringent
thermal management constraint is discussed further in section 1.2.2.
 Level 2 : The second level is the Kovar package (≈ 50 mm in length),
which houses the photonic device mounted upon a macro thermoelectric
cooler (TEC), used to cool the PIC below the lowest operating temperature
of the lasers. In today’s technologies, local resistive heating is also used to
maintain each laser at its target temperature within the bulk TEC cold
temperature. Various additional components such as fibre connections and
multiplexers are optically coupled with this level of packaging.
 Level 3 : This is known as the C form-factor pluggable (CFP) package
(typically 150 mm in length), incorporating optical transmitters, receivers
and the ancillary electronic IC packages. This packaging level is
continuously evolving. Recent CFP packages have been approximately half
the scale of preceding generations. This continuing reduction in size is
increasing the thermal load on smaller components at the lower packaging
levels. Their pluggable nature increases package thermal resistance also.
 Level 4 : This level features the circuit packs (typically 1 m x 0.5 m) that
connect the transceiver nodes to the racks within servers in data centres.
At present, the circuit packs are cooled by forced air convection, which
limits the levels of heat extracted from the lower-level packages. This
limitation puts a constraint on the design and performance of the smaller-
scale structural levels.
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Figure 1.2: Schematic detailing the various levels of packaging associated with
PICs (Jeffers et al. (2014)).
1.2.2 Contemporary PIC Thermal Management
A schematic of the contemporary thermal management of a typical transceiver
PIC is shown in Figure 1.3. An array of laser bars (spaced 250 µm apart),
which encodes data into a transmittable optical signal, is situated on a substrate
mounted on a macro TEC. To control the laser temperatures within ± 0.1 K,
resistive heaters are used to locally heat the lasers up to the desired temperature
(Jeffers et al. (2014)). Each laser dissipates ≈ 100 mW. Due to the small scale
of the lasers (active element of each laser is ≈ 2 µm wide by ≈ 1 mm long), each
laser produces heat fluxes of ≈ 1 kW/cm2 (Enright et al. (2014)). Current PIC
devices are expensive, cannot be scaled, and have reached a thermal limit, which
is impeding large-scale silicon-based system-on-a-chip-integration (Enright et al.
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(2014)). Future photonic devices required to sustain the desired bandwidths
will have to be developed at lower cost, whilst providing higher capacities
and increased functionality (Jeffers et al. (2014)). However, enhancing the
functionality of the telecommunications infrastructure by the further integration
of components will result in increased thermal fluxes (Jeffers et al. (2014)). Thus,
a new approach to thermal management is required for the development of future
generation devices.
Figure 1.3: Illustration of a contemporary air-cooled PIC (Enright et al. (2014)).
The Thermally Integrated Smart Photonics System project (TIPS)1 proposed
to develop and demonstrate a scalable, thermally enabled 3D integrated
optoelectronic platform that can meet the predicted future explosion in
communications data traffic. Within the overall scope of this project, µTECs
and microfluidics (µFluidics) were integrated with optoelectronic devices (lasers),
in order to control device operating temperatures and wavelengths (Enright
et al. (2014)). The TIPS demonstrator incorporates primary and secondary
heat exchangers, in addition to micro-pumps to provide coolant circulation in
a reduced package size. The purpose of the demonstrator was to enable large-
scale deployment of highly functional PICs with greater component densities that
1Thermally Integrated Smart Photonics Systems (TIPS), H2020 grant agreement no.
644453, www.tips2020.eu
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are cost effective, for communication platforms involving high bandwidths. The
significant outcome of this research has been the realisation of a demonstrator that
achieves thermal control of a representative photonic device. This demonstrator
is discussed in the following sub-section.
1.2.3 TIPS Demonstrator
Figure 1.4(A) shows a schematic of the thermal architecture developed during
the TIPS project. The µTECs were fabricated around each laser, replacing the
resistive heaters and the macro-TEC conventionally located relatively distant
from the lasers. The materials within the package were also changed to improve
the solid-state thermal performance, reducing the flux to <0.1 kW/cm2 (Enright
et al. (2014)), resulting an overall smaller integrated PIC package. Liquid cooling,
via integrated microchannels, is advantageous for the removal of large heat
fluxes (≈ 1 kW/cm2) (Jeffers et al. (2014)) at low flow rates. A micro-pump
realised for the project (capable of flow rates up to 90 mL/min) can provide
differential pressures of ≈ 35 kPa at relatively low flow rates (≈ 10 mL/min).
This flow rate is sufficient to meet the thermal requirements of the laser array,
allowing for a smaller, lower power pump. Thus, microchannel heat exchangers,
etched in a substrate, were positioned ≈ 100 µm below the lasers, shown in
Figure 1.4(B). Different microchannel configurations, particularly geometries
containing obstructions, were investigated to determine the optimum design for
the proposed package. This thesis addresses the hydrodynamic characterisation
of such channels, with a specific focus on the behaviour of fluid flow in these
various geometries for the purpose of enhancing the heat transfer of the device.
The types of liquid cooling and fluids previously exploited in such channels are




Microuidic channels located 
in substrate below laser bars
(B)
Figure 1.4: (A) Proposed TIPS photonics package, with all relevant sections
labelled (Jeffers et al. (2014)). (B) The proposed package, with the location of
the microchannels illustrated. The image shown depicts the classical microchannel
array, and the various geometries would also be located within the same section.
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1.3 Integrated Microchannel Heat Exchangers
Many techniques for the cooling of high-heat flux applications have been
investigated and exploited over the years, through either forced air or liquid
cooling (Kleiner et al. (1995), Steinke and Kandlikar (2006), Kim et al. (1998)), or
the exploitation of two-phase flow, predominantly through flow boiling (Fayyadh
et al. (2017), Deng et al. (2015)). Forced single-phase liquid cooling is a preferable
heat removal technique, as a liquid (i.e. water) induces higher heat transfer
coefficients (≈ 103 W/m2K) than air (< 100 W/m2K) (Murshed and de Castro
(2017)), and is more stable than flow boiling, where instabilities can affect the
system’s overall performance (Karayiannis and Mahmoud (2017)).
Heat transfer is often enhanced via turbulent flow in Newtonian fluids due to
the generation of flow structures such as vortices and eddies at higher Reynolds
numbers (for example, in cylindrical pipes, the transitional Reynolds number (Re)
from laminar to turbulence is ≈ 2300 (White (1998))). Turbulence is difficult to
generate in microchannels, however, due to the constraints of small-scale pumping
solutions. As noted by Jeffers et al. (2014), current pumps which could supply
the preferable flow rates would be physically incompatible, as they occupy the
same volume (≈ 20 cm3) as a CFP package. Thus, viscoelastic solutions could be
a viable alternative to laminar Newtonian flow in a microchannel heat exchanger,
due to flow instabilities or elastic turbulence at low Reynolds numbers (discussed
further in Section 1.3.4). Single-phase liquid cooling featuring Newtonian fluids
and an overall description of non-Newtonian fluids are discussed in subsections
1.3.1 and 1.3.2. The current literature concerning phenomena associated with
non-Newtonian solutions, namely dimensionless numbers, elastic turbulence
resulting in microfluidic mixing, flow induced birefringence (polarisation change
of a viscoelastic flow in response to stress), and general flow behaviour are further
detailed in subsections 1.3.3 through to 1.3.7 respectively.
1.3.1 Single-phase Newtonian Flow
The pioneering work of Tuckerman and Pease (1981) investigated the performance
of high-aspect ratio channels as a heat sink for integrated silicon circuits, with
water used as the working fluid. They stated that the heat transfer coefficient
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scales inversely with the width of a channel, which necessitates the use of
microchannels. The planar channel dimensions reported were 50 µm (width)
x 300 µm (depth). Room temperature deionized (DI) water was infused through
the channel at pressures reaching 31 psi (≈ 214 kPa). The experiments showed
a 71 ◦C rise above the 23 ◦C water throughput for a heat flux of 790 W/cm2,
demonstrating the effectiveness of microchannels for high-heat flux applications.
Koo et al. (2005) theoretically investigated the removal of large rates of heat flow
from 3D circuit architectures via integrated microchannel cooling networks. The
microchannel heat sink section consisted of 18 channels (planar area ≈ 700 µm
wide x 300 µm deep), with an applied water flow rate of 15 mL/min. It was
concluded that such structures could remove heat fluxes of 135 W/cm2 for an 85
◦C circuit temperature (15 ◦C above the inlet temperature). Multiple studies have
also been performed on the development of fluidic interconnects for microchannel
integration on 2D and 3D circuits for the purpose of heat removal (Dang et al.
(2006), King et al. (2008), Dang et al. (2010)).
The influence of various obstructions within microchannel heat sinks have
been extensively researched by many authors, as it is noted that a disruption
to fluid flow can enhance mixing within a channel (Steinke and Kandlikar
(2004)). Jasperson et al. (2010) examined the contrast in thermal and
hydraulic performance between rectangular microchannels and micro-pin-fin
arrays (schematic shown in Figure 1.5). For the multiple array of rectangular
channels, the channel width and spacing were both 200 µm, with the depths of
both geometries measuring 670 µm. The staggered array of pin fins measured
200 µm x 200 µm, with streamwise distances of 400 µm between each row of fins.
The average thermal resistance of both channels for flows of water at 30 ◦C and
60 ◦C at mass flow rates of 36 – 84 g/min were compared. The thermal resistance
of the rectangular microchannel geometry remained relatively constant at ≈ 0.07
◦C/W throughout, with the pin-fin array incurring a diminishing resistance, from
≈ 0.14 – 0.16 ◦C/W at the lowest mass flow rate, to 0.05 ◦C/W at 84 g/min,
with the results following a power-law curve. The authors concluded that the
pin-fin array exhibits enhanced thermal performance compared to its rectangular
microchannel counterpart at flow rates exceeding 60 g/min. Thus, an obstructed
geometry could provide a higher heat transfer than a rectangular blank channel.
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However, a significant pumping penalty was incurred, as the pressure drop across
the pin fin array was almost double that of the microchannel heat sink at low
flow rates, with the discrepancy increasing with higher flow rates (∆p = 0.024
bar and 0.084 bar for the rectangular channel array and pin fin array respectively
at 84 g/min for water at 30 ◦C).
Figure 1.5: Schematics from Jasperson et al. (2010) of a multiple rectangular
microchannel heat sink (left) and micro-pin-fin array (right) geometries that were
used to compare thermal performances. The heat sink widths and lengths were 1
cm and 3.38 cm respectively.
Abed et al. (2015) investigated the heat transfer and flow behaviour of two
Newtonian fluids (30/70% and 10/90% by weight water/glycerine solutions) in a
serpentine microchannel, using both numerical and experimental methods. The
channel, fabricated in copper, consisted of 20 half-loops, with a total channel
length of 77 mm, and had a square cross section (width and height = 1.075 mm).
The whole channel assembly was submerged in a water bath maintained at 30
◦C, with the fluids delivered over a range of Dean numbers (6–80 and 0.6–4.7 for
30/70 and 10/90% solutions respectively). The Dean number represents the ratio
of centrifugal to inertial forces in curved ducts. The average Prandtl numbers for
the 30/70% and 10/90% solutions were 137 and 1,038 respectively, with respective
viscosities of 24 and 212 cP at 20 ◦C. The Nusselt number remained low (≈ 2–
4) at low Dean numbers for solutions, indicating behaviour similar to fluid flow
in straight microchannels, with the viscous forces suppressing secondary flow.
Secondary flow dominated the flow at higher Dean numbers, resulting in increased
heat transfer (Nusselt numbers = 10-14). A ratio of heat transfer enhancement
to relative losses of pressure drop increased up to 53% and 85% for both Prandtl
numbers respectively. It was concluded that Dean flow vortices caused mixing
within the microchannels, enhancing the heat transfer performance compared to
a straight microchannel over the Dean number range.
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Colgan et al. (2005) demonstrated single-phase water cooling in silicon
microchannels (195 µm deep x ≈ 75 µm wide) containing staggered fins (250
x 25 µm) for high power chip applications. A power of 1.1 kW was applied to the
heater resistor located on the back of the chip surface. Various fluidic pressures
were applied and the difference between inlet and outlet temperatures in the
microchannels were noted. Modelling of the chip structure determined that a
unit thermal resistance of 10.5 K-mm2/W was exhibited for pressures lower than
35 kPa. Microchannel single chip modules were also investigated, with one such
module comprising 45 µm wide rectangular channels containing 30 µm fins with
900 W applied to the heaters, resulting in a power density of 300 W/cm2. The
authors concluded that such channel configurations could cool chips with power
densities of > 400 W/cm2.
Microchannels are a proven heat transfer technology, especially with a
Newtonian flow. However, nevertheless, Burghelea et al. (2004) stated
that although laminar flows in micro-scale channels offer the advantage of
precise velocity control, they characteristically have ineffective mass transfer
perpendicular to the flow direction. As steady streamlines and negligible mixing
dominate single-phase laminar Newtonian flows in rectangular channels, the rate
of heat transfer can be limited. In order to increase fluid mixing to generate
greater heat transfer rates in microchannel heat sinks, viscoelastic polymer
solutions may be employed to generate such instabilities. As both viscoelastic
solutions and obstructions are needed to enhance heat transfer via induced
mixing, a combination of both could be exploited to increase cooling of photonic
devices. The definition of non-Newtonian solutions and the literature associated
with such fluids will be discussed in the following sub-sections.
1.3.2 Viscoelastic Solutions
Non-Newtonian fluids do not conform to the linear behaviour of Newtonian fluids
in response to shear rates. These fluids can be classified as: ideal Bingham plastic,
shear-thinning (pseudoplastic) or shear-thickening (dilatant) (White (1998)),
and their general shear stress responses to an applied shear rate are shown
in Figure 1.6. Shear-thinning fluids, which are time-independent (Chhabra
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and Richardson (1999)), exhibit decreasing viscosity with increasing shear rate
(George and Qureshi (2013)), and are often exploited for cooling purposes.
Examples of shear-thinning fluids include polymer solutions and polymer melts
(Irgens (2013)). Viscoelastic flows have been documented by many authors, and
it is noted that the viscoelasticity of such fluids can result in instabilities within a










   thickening
Figure 1.6: Shear stress of various fluid types indicated as a function of shear
rates (adapted from George and Qureshi (2013)).
Various types of non-Newtonian solutions have been employed for
microchannel cooling. Nanofluids (typically Newtonian solutions combined with
nanoparticles), some of which display non-Newtonian behaviour, are noted for
enhanced thermal performances in microchannels (Li and Kleinstreuer (2008),
Mohammed et al. (2011)), and viscoelastic-fluid-based nanofluids containing
copper particles exhibit enhanced thermal conductivity compared to viscoelastic
fluids (Yang et al. (2012)). Nanofluids are disadvantageous, however, due to the
potential blockage of channels due to long-term settling of the fluid and high costs
associated with their materials (Lee and Mudawar (2007)).
Polymer solutions are often employed for the purpose of enhancing the
heat transfer of various applications, and will be discussed in the following
sub-section. One subset of polymer fluids are wormlike micellar (WLM)
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solutions, which are generally formed by combining surfactants and either co-
surfactants, binding counter-ions or salts (Berret (2005)). Surfactants consist of
a hydrophilic head and a hydrophobic tail, which form large, cylindrical, semi-
flexible accumulations (wormlike micelles) once the concentration is above the
critical micelle concentration (CMC) (Zhao et al. (2014)). The diameters vary
between 1 and 10 nm, and lengths are from 10 – 100 nm (Zhao et al. (2016)),
and such fluids are used in a range of applications, from oil and gas recovery
to shampoos and paints (Vasquez et al. (2007)). Unlike most polymers which
can possibly degrade, WLMs can continuously recombine after breaking and are
often termed “living polymers” (Zhou et al. (2014)). Both polymer and WLM
solutions have been noted to enhance mixing due to fluctuations in the flow
in various micro-scale geometries, which will be discussed in the following sub-
sections. The dynamics of such fluids could result in enhanced heat transfer rates
compared to a Newtonian counterpart, and thus the behaviour of such fluids was
chosen for investigation in this thesis.
1.3.3 Viscoelastic Dimensionless Numbers
Two main dimensionless numbers are often used to characterise viscoelastic fluids.









where λr is the time of relaxation of the fluid (characteristic time scale of the
polymer) and t is the duration of the observation or characteristic time scale of
the flow (Dealy (2010)), U is the velocity and L is a length scale associated with
the fluid flow (Zilz et al. (2012)). Fluid-like behaviour of a viscoelastic solution
is present if the time scale of the flow is long or if there is a short relaxation time
(Poole (2012)). Otherwise, the fluid behaves similar to a solid. As the Deborah
number can only detail the unsteadiness of a flow, the Weissenberg number (Wi)
is required to define the viscoelastic effects. Wi is described as:
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where γ̇ is the shear rate Dealy (2010), N1 is the first normal stress difference
and τyx is the shear stress (Morozov and van Saarloos (2007)). The Weissenberg
number describes the ratio of elastic to viscous forces within a viscoelastic fluid.
These parameters are frequently referred to in the literature, which is discussed
in the following subsections.
1.3.4 Elastic Turbulence
A flow regime associated with viscoelastic solutions that is often exploited is
elastic turbulence, detailed by Groisman and Steinberg (2000), whereby an elastic
polymer solution at high Wi but low Re exhibits the chaotic characteristics of
turbulent flows reportedly comparable to Re ∼ 105 of Newtonian flow in a pipe.
This experiment was conducted using 80 ppm polyacrylamide (PAA or PAAm,
Mw = 1.8 x 10
7 Da, dissolved in a water solution containing 65% sugar and
1% NaCl) (η = 424 cP) at 12 ◦C and a shear rate of 1/s in a cylindrical cup
with a stationary lower plate and rotating upper plate. Elastic turbulence was
attributed to the non-linear properties of the polymer flow, primarily the elastic
stress. Turbulence can be induced at low velocities (vanishingly low Re) with
very viscous solutions, and occurs when the polymer is stretched due to shear
flow, causing the primary flow to become unstable and trigger secondary flows,
further stretching the polymers and increasing the turbulence. These authors also
examined this effect in a dual inlet serpentine channel using the same viscoelastic
solution, a schematic of which is shown in Figure 1.7 (Groisman and Steinberg
(2004)). Elastic instabilities were noted at Re = 0.06, when mixing of the two
injected streams was observed. The authors also noted similar results for an 80
parts per million (ppm) PAA solution with a lower viscosity of 198 cP flowing
through the same channel geometry (Groisman and Steinberg (2001)). They also
noted that efficient mixing occurred for concentrations as low as 7 ppm when using
a higher concentration of sugar as the solvent (sugar solution η = 300 cP). Elastic
turbulence has also been documented by other authors, for example, in a polymer
swirling flow between two disks (Burghelea et al. (2007)). Although such solutions
are shown to provide efficient mixing at low Re, the high viscosities (> 200 cP)
result in difficulties associated with continuous pumping through microchannels.
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Figure 1.7: Schematic of the dual inlet serpentine channel used in experimentation
by Groisman and Steinberg (2004). The channel depth was 3 mm, with R1 = 3
mm and R2 = 6 mm, with an aspect ratio of 1. The channel consisted of 30 loop
sections (length of each = 18 mm).
1.3.5 Non-Newtonian Fluid Cooling
Elastic turbulence has been exploited by several authors in order to enhance heat
transfer for various applications. Traore et al. (2015) studied the heat transfer
behaviour of a 100 ppm anionic PAA solution (Mw = 22 MDa), dissolved in a 65%
weight sucrose fluid that had a viscosity of 114 cP. The zero-shear viscosity of the
polymer solution for temperatures of 17, 19 and 21 ◦C were approximately 220,
180 and 160 cP respectively. Von Kármán flow was analysed using a transparent
fluid container, with a rotating disk driven by a rheometer placed on top, with
Re for testing ≈ 26 for the maximum Wi investigated. It was determined that
inertial instability was not expected for the values of Re investigated due to the
small power fluctuations (torque x angular speed) applied to the rotating top
disk, as inertially turbulent von Kármán flow is associated with large power
fluctuations. Thus, elastic turbulence of the polymer solution due to elastic
instabilities was the only contribution to the heat transfer enhancements noted.
Laminar flow was observed until flow resistance was noted at Wi = 2, signalling
that instabilities had occurred in the solution. For Wi ≤ 7.7, the flow regime
was considered transitional, and fully developed elastic turbulence was noted at
Wi = 15.4, resulting in increased root mean square (rms) vorticity fluctuations.
This lead to enhanced heat transfer rates equivalent to Re = 1600 for inertial
turbulence, indicating that elastic turbulence regimes can be utilised effectively
as heat transfer enhancement alternatives for micro-scale flows.
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Elastic turbulence was used to increase the heat transfer in curved
microchannels using concentrations of 200, 300 and 400 mg/L of non-ionic
polyacrylamide (NPAM) (molecular weight = 1.8 x 107 Da) by Li et al. (2017)
within a serpentine microchannel (planar area = 200 µm x 200 µm). The zero-
shear viscosity of these fluids were ≈ 90, 150 and 220 cP respectively. A 50% by
weight sucrose solution served as the Newtonian counterpart. It was concluded
that the heat transfer was enhanced by elastic turbulence, and the Nusselt number
was observed to increase by two orders compared to the 50 wt% sucrose solution
once the Wi exceeded the critical value of 2.1. It was also noted that the 3D
vortices observed in the flow could possibly enhance the heat removal of numerous
applications using microchannels.
Whalley et al. (2015) studied the enhanced heat transfer provided by elastic
turbulence in a serpentine minichannel (20 half loops, planar area = 1.075 mm
x 1.075 mm, overall length = 77 mm), using two PAA solutions of 80 ppm and
120 ppm in a Newtonian solvent (comprised 65% by weight sucrose, 1% NaCl
and 34% water) which could be considered highly viscous (zero-shear viscosities
of 253 cP and 369 cP respectively, at room temperature). It was concluded that
it is possible to enhance the heat transfer in such micro-scale geometries by up to
300% at low Graetz numbers, compared to the Newtonian flow. Work conducted
by Li et al. (2016) showed that the Nusselt number associated with 100 ppm and
200 ppm PAA flow in a serpentine channel was between 3 and 4 times larger
than that recorded for a 50% sucrose Newtonian solution for a maximum Re
of 0.06. Due to pumping constraints, however, these highly viscous solutions
would be difficult to continuously circulate in microscale flow geometries, given
the industrial considerations outlined above.
1.3.6 Non-Newtonian Flow Behaviour
The flow behaviour of non-Newtonian flows in microchannels often leads to
instabilities at very low Re. Such turbulent-like mixing could enhance the heat
transfer of a microchannel heat sink, and work previously reported on this are
discussed in this section. The dynamics of viscoelastic flow which lead to such
instabilities and cause mixing are the focus of this thesis.
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An extensive literature review was also carried out by Li et al. (2012) on
low Reynolds number viscoelastic flows and associated microfluidic applications.
Tatsumi et al. (2011) examined the mixing capabilities and turbulent-like
behaviour of both a sucrose Newtonian and a viscoelastic solution. A dual inlet
serpentine channel was utilised, which comprised 14 serpentine units (planar area
(width x height) = 84 µm x 60 µm). The Newtonian base case fluid contained
64.4% by weight sucrose. The viscoelastic counterpart consisted of 100 ppm PAA
(Mw = 18 MDa) dissolved in an aqueous solution of 64.4% sucrose and 1% NaCl
by weight, and Re varied from 0.00018 to 0.0036. Mixing of the two injected
PAA streams was noted within the second serpentine loop, due to unsteady flow,
compared to the stable Newtonian solution, which only mixed after the 13th
loop due to molecular diffusion. The streamwise and spanwise velocities of both
solutions within the second loop for Re = 0.0022 showed steady movement in both
directions for the sucrose solution. Fluctuations of low frequency (≈ 0.4 Hz) but
high amplitudes were recorded for the PAA solution, indicating enhanced mixing
of the flow. However, similar fluctuations did not occur further downstream
within the serpentine channel.
Li et al. (2010) studied the flow of both water and two WLM solutions
(200 and 1,000 ppm cetyl trimethyl ammonium chloride /sodium salicylate
(CTAC/NaSal)) in three channel geometries: around a cylindrical pillar of 150
µm diameter; in a channel containing a disc cavity of 1 mm diameter; and
through a serpentine channel containing 30 units. The zero shear viscosities for
both solutions were 12.1 and 45 cP respectively. Flow fields recorded for water
indicated symmetrical laminar streamlines around the pillar. The 1,000 ppm
solution at low Re (0.05) exhibited asymmetrical flow fields about the stream-
wise centerline, however, and vortical flow structures were recorded upstream of
the post; this is the converse of the Newtonian case, in which such structures
are observed downstream in the wake of a cylinder (shown in Figure 1.8). Such
reported instabilities could indicate that mixing occurs in viscoelastic fluids at
relatively low flow rates. Chaotic mixing was also observed in the disc cavity
geometry for the 1,000 ppm solution, which the authors concluded was induced
by the fluid’s elasticity. The CTAC/NaSal solutions exhibited different behaviour
compared to the Newtonian counterpart within the serpentine channel, which
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featured laminar, smooth streamlines. The 200 ppm solution swept from the
inner wall out towards the outer curvature of the serpentine section at Re = 0.2,
and moved back towards the inner section once past the full serpentine loop. This
3D structure was dependent on Re. Such behaviour was examined in the flow of
a serpentine channel for this thesis, for two CTAC/NaSal solutions (500 ppm and
1,000 ppm), and is discussed in Section 3.2.2.
(A) (B)
Figure 1.8: Flow behaviour of (A) water, and (B) 1,000 ppm CTAC/NaSal
solution around a 150 µm diameter post in a channel (planar area = 60 µm x 200
µm, depth = 60 µm) (taken from Li et al. (2010)). Steady streamlines were observed
for the Newtonian case at Re of 11.6, with a small wake observed downstream of the
cylinder. Vortices noted within the CTAC/NaSal fluid for an Re of 0.5, especially
upstream of the post, with these structures varying with time.
Figure 1.9 shows the mixing of (A) water/glycerol solution and (B) the 200
ppm solution in a serpentine channel containing 15 loops, with the viscosity of the
Newtonian fluid matching the zero-shear viscosity of CTAC solution (12.1 cP) (Li
et al. (2010)). The Newtonian fluid encounters slow mixing at the interface of the
streams, with more mixing noted along the outward sections of the serpentine
channel. However, mixing of the two injected CTAC/NaSal streams occurred
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within the first loop, and remained constant throughout the rest of the channel.
These instabilities, recorded for a viscoelastic solution in a microchannel, could
be used to enhance the heat transfer of a photonic device, in comparison with
the Newtonian counterpart.
(A) (B)
Figure 1.9: Mixing behaviour of (A) water/glycerol and (B) the 200 ppm
CTAC/NaSal solution in the serpentine channel containing 15 loops (Li et al.
(2010)). The fluids were injected through the dual inlet at a flow rate of 1.6 µL/min
(Re = 0.1 for both flows as the viscosity of the Newtonian fluid was matched to its
viscoelastic counterpart), with one stream dyed with Rhodamine.
Ducloué et al. (2019) examined secondary flows of viscoelastic solutions
through serpentine microchannels. A 500 ppm polyethylene oxide solution (Mw
= 4 x 106 g/mol, dissolved in a 75/25% by weight water/glycerol solution) with
a viscosity of 3.8 cP at 21 ◦C was used as a working fluid. The serpentine
channel consisted of nine half loops, with an inner radius of curvature = 40
µm (planar area ≈ 99 x 110 µm), with applied flow rates ranging from 2 – 20
µL/min. Figure 1.10 shows the computed streamlines of secondary flow in the
serpentine channel. These counter-rotating vortices is indicative of Dean flow.
Flow fields at the centre of the channel were recorded via micro-Particle Image
Velocimetry (µPIV) measurements. The streamlines of the flow moved from the
inner wall towards the outer wall at higher Dean numbers (0.71–0.86), indicating
some degree of secondary flow is present as predicted by the simulations of Poole
et al. (2013). The magnitude of the secondary flow was shown to increase with
increasing Dean numbers. It was noted that in creeping-flow regimes, secondary
flow (or Dean vortices) are a result of the curved streamlines due to the serpentine
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geometry, and the first normal-stress difference of the fluid flow (Poole et al.
(2013)).
Figure 1.10: Predicted secondary flow streamlines in a serpentine channel
(Ducloué et al. (2019)). The two counter-rotating vortices is indicative of Dean
flow, with fluid driven towards the inner wall and rotating towards the outer wall.
Pan et al. (2013) studied the instabilities of viscoelastic solutions in straight
microchannels with an array of cylinders (diameter = 50 µm) occupying a
region of 0.2 cm after the entrance of a long rectangular channel (width =
100 µm, depth = 90 µm). Velocities were recorded further downstream of the
cylinders in the unobstructed section (length ≈ 3.1 cm) using particle tracking
velocimetry. The liquids tested included a very viscous Newtonian fluid (90%
weight glycerol, η ≈ 200 cP), and 300 ppm PAA added to this Newtonian fluid
to create a viscoelastic solution. The Reynolds number (Re) was recorded as
< 0.01 throughout experimentation due to the high viscosity associated with the
fluids. Figure 1.11 shows the velocity fluctuations (standard deviation normalised
by mean velocity) as a function of channel position (measured in distances of
channel width (W)) downstream of the last cylinder (total of 15 cylinders in the
obstructed region) for the Newtonian flow and for the PAA solution at various Wi.
The fluctuations recorded for the Newtonian solution were negligible regardless
of the position downstream. The viscoelastic solution showed larger fluctuations
(0.02 – 0.04) followed by a decrease further downstream, similar to the Newtonian
flow, for Wi = 4 – 5.4, where the flow stabilises. The highest fluctuation (≈ 0.13)
was recorded at a Wi of 11.5, with only a slight decay (to ≈ 0.11) noted 200
channel widths downstream of the last post. This shows that enhanced flow
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fluctuations throughout an obstructed channel can be achieved with viscoelastic
fluids compared to Newtonian counterparts. However, these solutions were very
viscous and Re was vanishingly small, and would be difficult to pump continuously
at higher flow rates in microchannels to enhance heat transfer.
Figure 1.11: Fluctuations as a function of channel position (measured at one
channel width (W), 50 W, 100 W, 150 W and 200 W downstream of the final post)
for the various Wi shown (taken from Pan et al. (2013)).
Nolan et al. (2016) examined the instabilities of three PAA solutions (25, 50
and 100 ppm, zero shear viscosities of 4.04, 6.61 and 9.2 cP respectively) flowing
through a rectangular microchannel (planar area = 500 µm x 200 µm, length = 60
mm) obstructed by a single cylindrical post (diameter = 100 µm). Re ranged from
5 to 300. The turbulence intensity parameter was used to describe the mixing
observed in the viscoelastic flows. Figure 1.12 shows the turbulence intensity
(root mean square of spanwise velocity normalised by mean streamwise velocity)
for the 100 ppm solution for increasing Re from top to bottom. A significant
mixing level of ≈ 25% was recorded directly in front of the pillar for an applied
pressure of 11 kPa, followed by a significant decrease to negligible turbulence
at higher pressures, and no mixing was noted further downstream of the posts
in any case. Such mixing was caused by the oscillation of spanwise velocity
upstream of the post, due to flow buckling. Similar behaviour was recorded for
both the 25 and 50 ppm solutions, but both solutions incurred lower levels of
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mixing in comparison to the more viscous counterpart. Although there was an
increase in the pressure drop associated with the viscoelastic fluids compared
to the Newtonian counterpart, it was considerably lower compared to the works
previously described in this section due to the lower viscosity of the solutions due
to the lack of sucrose additive. Higher levels of mixing were observed for such
solutions in contrast to highly viscous fluids.
Figure 1.12: Turbulence intensity measurements of the 100 ppm PAA flow in a
channel containing a cylindrical post (Nolan et al. (2016)). Re increases from top
to bottom. Significant mixing, in the order of 25%, occurred upstream of the post
for an applied pressure of 11.1 kPa (Re ≈ 50), followed by a decay in turbulence
intensity levels for increasing Re.
In most studies, however, the sucrose solvents used to create the viscoelastic
fluids result in highly viscous working fluids, typically > 200 cP. These solutions
are difficult to pump in practical microchannel applications. Most of the literature
also does not describe the dynamics of the flow associated with viscoelastic
solutions, and often gives a general description that the phenomena recorded
are induced by the viscoelasticity of the solutions, and its interaction with the
geometries through which it was examined. In this context, the focus of this
thesis is lower viscosity viscoelastic solutions that could provide enhanced mixing
for a lower pumping requirement, as demonstrated by Nolan et al. (2016), and
the mechanisms by which the instabilities enhance the mixing occurs.
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1.3.7 Flow Induced Birefringence
Flow induced birefringence (FIB) is an optical characterisation technique used to
detect a change in the colour of a non-Newtonian fluid (anisotropy) in response
to an applied stress (Li Sun and Huang (2016)). An optical train is required
to visualise the birefringence of viscoelastic fluids. The colour bands observed
in a polariscope (two polarizers only) are a combination of isochromatics and
isoclinics. Isoclinics are dark fringes that denote the loci of points of equal stress
direction (Kobayashi (1987)), which vary depending on the specimen orientation
with respect to the polarizers. These must be removed to accurately view the
stresses within an object. Isochromatic fringes denote lines of equal principle
stress difference (Kobayashi (1987)), which are lines of constant colour. To
eliminate the isoclinics, a circular polariscope is used (Avadhanulu (1992)), where
two quarter-wave plates are located between the two polarizers of the polariscope
set-up, one on either side of the test specimen (the set-up of a circular polarizer
in the context of testing for this thesis is described further in Section 2.6 of
Chapter 2). The flow birefringence of polymer solutions has been studied by
numerous authors (Adams et al. (1965), Fuller and Leal (1980), Fuller and Leal
(1981), Haward et al. (2018)).
The birefringence of three viscoelastic solutions, namely CTAB (cetyl
trimethyl ammonium bromide) and NaSal, cetylpyridinium chloride (CPyCl) and
NaSal, and CPyCl, NaSal and NaCl in minichannels (depth = 1.5 mm, widths of
2 mm and 4 mm) containing either a single cylinder or an array of seven cylinders
(diameter = 1 mm) was investigated by Li Sun and Huang (2016). The retardance
(phase shift/ path difference between polarized light components) widened with
increasing strain rates in the region located near the second cylinder in the array
for the CTAB/NaSal solution, until a strain rate of 4.44/s was achieved, where
the retardance upstream of the array fluctuated and the symmetrical pattern
previously observed at lower strain rates disappeared. Deformation rates recorded
via µPIV measurements were used to compare the strain rates obtained in the
birefringence set-up. It was concluded that the largest retardations coincided
with very high shear and extensional shear rates.
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Decruppe and Ponton (2003) examined the birefringence of four WLM
solutions composed of 100 mmol/L CTAC and varying concentrations of NaSal
(51 – 500 mmol) when subjected to shear flow in a cone and plate rheometer. All
fluids exhibited similar behaviour at weaker shear rates, with the exception of the
lowest salt concentration (100 mmol CTAC: 51 mm NaSal). The relaxation times
of the fluids were found to be dependent upon the NaSal concentration within the
fluid, with decreased relaxation times associated with larger salt accumulations.
For the higher concentration solutions (100, 160 and 340 mmol CTAC), the
micellar structure remained unchanged and the birefringence tests showed that
the micelles of these solutions were orientated in the same direction under the
same shear conditions.
Moss and Rothstein (2010) analysed the dynamics of two WLM fluids (100
mM CPyCl : 50 mM NaSal dissipated in 100 mM NaCl in DI water, and 50
mM CTAB : 50 mM NaSal in DI water) through a rectangular channel (planar
area 50 mm x 50 mm, length = 450 mm) containing a cylindrical post using
two crossed polarizers. Two diameters of the post were investigated (5 mm and
10 mm) to study the effects of blockage ratio on the flow behaviour. The zero-
shear viscosities of the CPyCl and CTAB solutions were 11,000 and 62,000 cP
respectively, and relaxation times (λr) of 0.5 and 5.7 s. The Deborah number
ranged from 0.1 – 10 and the corresponding pressures were noted. The pressure
drops decayed for both fluids and blockage ratios at low Deb, but the birefringence
of CTAB solution was more pronounced in the wake of the post in comparison to
the CPyCl solution. With increasing Deb, the wake extended downstream of the
cylinder for both solutions. Figure 1.13 shows the birefringence of CPyCl/NaSal
at Deb ≈ 2, with flow from right to left. The image on the left shows the
extensional deformation regions around the cylinder when the polarizers are
fixed at 45◦ and -45◦ respectively, showing a clear wake downstream of the
cylinder. The image on the right was taken with the polarizers fixed at 0◦
and 90◦ respectively, and it highlights the shear patterns which appear to be
symmetric at low Deb. It was noted that this WLM solution was stable for
all values of Deb, but the CTAB/NaSal solution began to show instabilities at
Deb of 4.5 and 6 for the channels with the 10 mm and 5 mm diameter posts,
respectively. The birefringence measurements indicated that the interactivity of
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the wall shear and extensional flow located in the wake of the post was not the
cause of the instabilities noticed, but could solely be attributed to the extensional
flow in the posts’ wake. These observations would not have been possible
without the FIB set-up, which indicates the importance of the measurement
technique. Thus, FIB can be used as a quantitative measure to complement
other measurement techniques of viscoelastic solutions. The FIB measurement
technique was employed for this work to determine the colour change associated
with the viscoelastic solutions. This change is indicative of the first normal
stress difference (Appendix D), and could be used to determine Wi optically
if the stress optical coefficient (C) of a solution is known. For this work, as C
was unknown, the results are qualitative and were compared to the turbulence
patterns observed through µPIV (these measurement techniques and results are
described in Chapters 2 and 3 respectively).
Figure 1.13: Birefringence of CPyCl/NaSal at Deb = 2 Moss and Rothstein
(2010)), with flow from right to left. The image on the left shows the extensional
deformation, while the image on the right shows the shear, with both images taken
at different polarizer orientations aforementioned.
1.4 Objectives
This thesis examines the feasibility of Newtonian and non-Newtonian single-phase
laminar flows in microchannel heat exchangers for the purpose of cooling photonic
devices. For the main body of this work, flow rates of 1 – 10 mL/min were
employed to hydrodynamically assess the dynamics of Newtonian flow in various
microchannel geometries. The optical characterisation of DI water and a 100
ppm PAAm solution in a 1 mm diameter channel containing an array of five
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50 µm cylindrical posts was also conducted to determine the mixing viability
of viscoelastic solution as an alternative to Newtonian flow in microchannels.
Finally, a range of pressure drops (2.5 kPa – 100 kPa) was applied to three
working fluids (namely DI water as a Newtonian fluid, and 500 ppm and 1,000
ppm CTAC/NaSal viscoelastic solutions) in serpentine channels of aspect ratios
1 and 2 (hydraulic diameters = 250 µm and 333.33 µm) and the dynamics were
recorded via birefringence and µPIV measurements.
The overall objectives of this work are:
 To characterise the pressure drop for the flow of a Newtonian fluid in
a range of microchannel configurations, in order to determine pumping
requirements.
 To examine fluid kinematics of Newtonian and non-Newtonian flows in
serpentine channels via µPIV measurements of the flow fields, in order to
characterise the viscoelastic behaviour transitioning from purely elastic to
inertial flow in response to a range of applied pressures compared to a
Newtonian counterpart.
 To optically characterise non-Newtonian fluids using the birefringence
method in order to determine the behaviour of the elastic component of
the flow.
1.5 Thesis Outline
The remaining chapters of this thesis are as follows:
 Chapter 2 describes the experimental methods used for this work, including
details of the channel geometries and the techniques employed for pressure
drop, velocimetry and birefringence measurements.
 Chapter 3 discusses the pressure drop results, the fluid dynamics of
Newtonian and non-Newtonian flows as measured by the velocimetry
results, and the stress locations induced in the flow of non-Newtonian fluids
for a range of applied flow rates in serpentine channels. Specifically, details
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of the mixing observed in non-Newtonian flows are discussed, which could
be exploited to influence heat transfer in a representative photonics device.
 Chapter 4 details the conclusions from the data evaluated in Chapter 3, in




This chapter details the experimental apparatus and methods used to hydro-
dynamically and optically characterise the dynamics of a Newtonian fluid (water),
and viscoelastic fluids, namely a 100 ppm PAAm solution, and 500 and 1,000 ppm
WLM solutions (CTAC/NaSal) employed for this work.
Various microchannel geometries (including a micro-gap, arrays of
microchannels, a serpentine geometry and channels containing obstructions such
as posts and triangular pillars) were initially hydrodynamically characterised
through pressure - flow measurements of laminar Newtonian flows. The
posts channel was additionally optically characterised using µPIV for both the
Newtonian and PAAm solution flows. As PAAm could possibly degrade over
time, and obstructed channels are susceptible to fouling, fluid flow of “self-
healing” WLM solutions (CTAC/NaSal concentrations) in a serpentine channel
were hydrodynamically and optically characterised using µPIV and birefringence
measurements, in order to record velocity fields and induced stress patterns
respectively. These characteristics are used to determine if mixing was present
within the channel, which could enhance the overall heat transfer for a photonic
device.
The test specimens and channel geometries are presented first, followed
by the preparation and characterisation details of the working fluids, set-up
and procedures for pressure-flow, µPIV and birefringence measurements, in




The test chips and the channel geometries within these chips are described in
sub-sections 2.1.1 and 2.1.2 respectively. The poly-dimethylsiloxane (PDMS)
serpentine channels utilised for the majority of testing undertaken for this thesis
are detailed in sub-section 2.1.3.
2.1.1 TIPS test chips
Figure 2.1(A) shows one of the test chips, fabricated by LioniX BV as part of the
overall TIPS project, which were created by DRIE microchannels in silicon wafers.
Anodic bonding was used to seal the channels with a glass cover slip, allowing
optical access to the microchannel. The overall thickness of these chips was ≈
1mm, with the width and height measured as 11 mm and 18 mm respectively.
The channel depths were ≈ 220µm, as shown in Figure 2.1(B). Fluidic ports were
etched through on the top side of the silicon wafer to allow the infusion of liquid
through the channels. A pattern of heaters, simulating lasers, was present on
the top side of the wafer, located over the main section of the microchannels, for
future thermal characterisation work.
Connections 













Figure 2.1: (A) The surface of a test chip, with the position of the heaters, which
can be used for thermal characterisation, visible in the centre of the chip, with (B)
showing a measurement of the etched channel depth.
The chip was retained within a holder, shown schematically in Figure 2.2(A),
which contained fluidic ports (B) through which liquid was infused to the micro-
channels. The holder consisted of an aluminium base, with a recessed section
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where the test chips were placed, and a PEEK section which was affixed over
the chip. A spring loaded PCB was located within the PEEK section (C) to
supply power to the heaters for future work. A rectangular cut-out within the
holder allowed optical access to both sides of the chip, with the main section of
the channel visible on the underside for µPIV measurements. The optical access
to the channel was also advantageous in determining the presence of air bubbles,
which were removed from the system prior to recording measurements. The test
chip was secured in place within the recess by screwing the base plate to the
PEEK section. O-rings were positioned between the outlets of the holder and the
ports of the chip to prevent leakages and damage to the chips.
 Heating element




















Figure 2.2: (A)A top down view of chip holder containing a chip, with all relevant
sections labelled; (B) Cross-sectional view (A-A) of chip holder, with (C) showing
the physical chip holder. The position of the PCB and O-rings are labelled, with
a test chip visible within the recess of the metal section.
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2.1.2 Test chips channel geometries
The middle segment of the blank rectangular channel was termed the micro-
gap section, the dimensions of which were 7 mm x 1 mm x 200 µm. This was
enclosed by plenums at either end, which were connected to the entrance and
exit of the chip by a series of rectangular channels (planar area ≈ 400 µm x
200 µm). The heaters, simulating lasers, were located over this section of the
channel on the silicon substrate. Several chips featured various obstacles within
the micro-gap section of the channel. The overall geometry of the chip, along
with the various obstacle geometries within the micro-gap section, are shown
schematically in Figure 2.3. These geometric configurations included: nineteen
straight rectangular channels of planar area 44 µm x 200 µm, a channel with a
single array of five circular posts (50 µm diameter each), sixty-three staggered









Figure 2.3: Overall channel geometry including micro-gap geometry (A). Various
obstacles within the micro-gap section of the channel in different chips included:
multiple rectangular channels (B), single array of cylindrical posts (C), multiple
arrays of triangular posts (D) and serpentine channels (E).
The micro-gap geometry was used to benchmark the hydrodynamic
performance of fluids within the other geometries. The geometry containing
multiple parallel rectangular channels constituted a classical microchannel heat
sink array. The single array of posts across the span of the channel was employed
to reduce the overall area encountered by the fluids, in order to encourage
vortex shedding to enhance mixing within the channel (Renfer et al. (2013)).
32
2.1 Test Specimens
A serpentine channel was used so that Dean flow (De) could be induced within
the channel. It should be noted that for Newtonian fluids, the critical De ranges
from 151 – 202 if the aspect ratio is 1 and the curvature ratio is 100 (Sugiyama
et al. (1983)). Serpentine channels could promote mixing, especially within
viscoelastic fluids, which have been shown to enhance heat transfer (Whalley et al.
(2015)). The pressure - flow characteristics of these geometric configurations were
measured using the apparatus and procedure described in section 2.3.
2.1.3 PDMS serpentine channels
It was noted during the pressure - flow experimentation that the channels
containing posts were prone to fouling. Fibres which may have been present in
the tubing line after the filter (set-up described in section 2.3) became entangled
around the posts and were difficult to expel, rendering the channel unusable.
From the pressure drop results of the channel geometries, which will be discussed
in Section 3.1, a serpentine channel design was preferable for further testing, as
it has a similar pressure drop penalty to that of the channel containing posts,
and any unwanted debris can easily be flushed from such a geometry. It has been
noted in literature that serpentine channels are not prone to clogging (Liu et al.
(2000), Kang et al. (2009)). Consequently, a dual inlet serpentine channel was
created. In addition to viscoelastic fluid characterisation work, flow visualisation
of the viscoelastic fluid flow could be undertaken by injecting dyed and undyed
identical fluids through the inlets of this geometry. The set-up for this test is
described in Section 2.4.
Using the soft lithography technique (detailed in Appendix B), two heights
(250 µm and 500 µm, created from SUEX (DJ Microlaminates 250K and 500K
respectively)) of a serpentine channel containing one bend were fabricated.
These channel heights were chosen, as deeper microchannels allow larger aspect
ratios, resulting in a desirable approximation to a two-dimensional flow for flow
birefringence measurements (Haward et al. (2018)). The width of the serpentine
channel was 250 µm. PDMS channels were then created from the master channel
mould. The serpentine bend was based on the curvature path between two
adjoining circles of radius 500 µm. The general dimensions of the channel
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geometry are shown in Figure 2.4(A), with the channel width and radius of
curvature of the serpentine section of the channel shown in (B). The physical
serpentine section of the 500 µm deep channel, taken using a non-destructive










Figure 2.4: (A) Overall dimensions of serpentine channel; (B) shows the width
and radius of curvature of the serpentine section of the channel. The 500 µm
fabricated PDMS serpentine channel as viewed at an oblique angle is shown in (C).
The first set of both fabricated PDMS channel heights were cross-sectioned
(destructive measurement) and viewed with a Keyence digital microscope, tilted
to a 45◦ observation angle. The channel heights were measured at this angle,
and the values shown were then multiplied by a scale factor of
√
2 (based on
the 45◦ angle of view) to accurately determine the physical channel heights. As
pressure drop scales with Dh
−4, it is imperative that the channel height and
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width are accurate. Figure 2.5(A) shows that for the 500 µm channel, the height
measurement when adjusted with the scale factor was ≈ 499 µm and the width
was measured as 250 µm. Figure 2.5(C) shows that the actual height of the 250

















1  [253 μm]
253 μm
(D)
Figure 2.5: Keyence images of (A) 500 µm channel height and (B) widths, with
the height and width of the cross-sectioned 250 µm channel shown in (C) and (D)
respectively. The corrected values for the channel heights are indicated in square
brackets in (A) and (C).
2.2 Working Fluids
Four working fluids were used throughout this thesis: DI water, 100 ppm PAAm
solution, and 500 ppm and 1,000 ppm CTAC/NaSal solutions. As laminar
Newtonian flow is commonly employed for the removal of large heat fluxes in
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thermal applications, DI water (Radionics 2513687) was used as supplied as a
baseline Newtonian fluid test case for experimentation, unlike other work which
benchmarks against sucrose solutions of comparable viscosity to the viscoelastic
solutions utilised. DI water has constant viscosity with increasing shear rate (≈ 1
cP at room temperature). The preparation of the viscoelastic fluids used for this
work is described in detail in sub-sections 2.2.1 and 2.2.2, and the characterisation
of these fluids is detailed in sub-section 2.2.3.
2.2.1 PAAm solution preparation
A dilute PAAm solution was created in accordance with Burghelea et al. (2007)
and Groisman and Steinberg (2004). Approximately 0.9 g of PAAm (Polysciences,
molecular weight Mw =18 MDa) and 3 g of NaCl were dissolved in 275 mL of DI
water. This solution was placed on a stir plate (Stuart UC152 magnetic stirrer)
and agitated for three hours. This mechanically degraded the highest weights of
the PAAm molecules (Burghelea et al. (2007)). These molecules are the largest
contributor the elasticity of the solutions but are subject to degradation during
experimentation, leading to varying and inconsistent experimental results. The
consistency of the solution was therefore improved by using the mixer to pre-
degrade the solution prior to experimentation (Groisman and Steinberg (2004)).
After agitation, 9 g of isopropanol (IPA) was added to prevent the solution from
deteriorating over time (Burghelea et al. (2007)), and DI water was added to
bring the total weight of the solution up to 300 g, resulting in a 3,000 ppm
PAAm solution. The solution was diluted accordingly using DI water to a 100
ppm concentration.
2.2.2 Wormlike micellar solution preparation
PAAm is prone to scission at higher shear rates (Rho et al. (1996)), and WLM
solutions have the ability to“self-heal” (Gladden and Belmonte (2007)). Thus,
the fluid flow of WLM fluids of two concentrations were used for this work. These
consisted of a surfactant, CTAC (25% weight in H2O (Sigma Aldrich 292737)),
and a strongly binding counterion, NaSal (Sigma Aldrich S2679). Figure 2.6
shows the colours visible in an 8,000 ppm CTAC solution when the fluid is agitated
36
2.2 Working Fluids
in linearly polarized light. Although these colours correspond with the wide
spectrum shown in the Michel-Lévy chart (discussed in Appendix D), the viscosity
of the solution was quite high (zero-shear viscosity ≈ 1,000 cP) and would require
significant pumping power through a narrow microchannel.
Two dilute versions of this fluid, namely a 1,000 ppm and a 500 ppm solution,
which did not pose significant difficulties for microchannel pumping requirements,
were created. Both solutions had clear birefringent signals. The visible colours
exhibited by the agitated 1,000 ppm are displayed in in Figure 2.7. The colour
change undergone by these fluids in response to a stress corresponds to the first
order section of the Michel-Lévy chart. For the fluid deemed 1,000 ppm, 3.2 g
of the CTAC solution was added to 800 mL of DI water, with ≈ 0.8 g of NaSal
added to provide counter ions. Approximately 1.6 g and 0.4 g of CTAC and
NaSal respectively were added to 800 mL of DI water for the 500 ppm solution.
These solutions were then agitated by slowly shaking the bottle until the salt and
surfactant had dissolved well. The solutions were left to equilibrate over 2 days
in a room kept at ≈ 20◦C.
Figure 2.6: An 8,000 ppm CTAC solution in polarized light.
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Figure 2.7: A 1,000 ppm CTAC/NaSal solution in polarized light.
2.2.3 Characterisation of working fluids
The 100 ppm PAAm solution was previously characterised by Nolan et al. (2016).
The data recorded from rheometer testing fitted to the Carreau model (Bird
et al. (1977)) for non-Newtonian solutions, which combines both the power-law
and Newtonian fluid concepts, and it covers higher and lower shear rates more
comprehensively than a power-law model alone (Khan et al. (2018)). The model
is expressed as follows:




where η∞ is the solvent viscosity, γ̇ is the shear rate, m is the power-law index of
the model, η0 is the zero-shear viscosity, and λr is the relaxation time. The ratio of
the polymer concentration to the critical overlap concentration was 0.4, indicating
that the solution is considered dilute (Nolan et al. (2016)). Both CTAC/NaSal
solutions were tested in a rheometer (Brookfield DV3T) at shear rates ranging
from 1.223 to 305.8/s. The torque limitations of the rheometer were reached
at 110.1/s for the 1,000 ppm solution, thus all results after this point for the
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solution were disregarded. The coefficients of the Carreau model for the PAAm
fluid and both CTAC/NaSal solutions with a confidence level of 95% are described
in Table 2.1, with the characteristic flow curves and fitted Carreau models for
the CTAC/NaSal solutions shown in Figure 2.8. The zero-shear viscosities of the
500 ppm and 1,000 ppm solutions as recorded by the rheometer were 44.8 cP and
19.2 cP respectively. The relaxation times of these fluids could not be accurately
determined from the rheometers used, which is discussed further in Appendix C.
Table 2.1: Carreau model-fit parameters for 100 ppm PAAm and 500 ppm and
1,000 ppm CTAC/NaSal solutions
Fluid η0 (cP) λ (s) m
100 ppm PAAm 9.2 2.786 0.712
500 ppm CTAC/NaSal 21.2 0.6572 0.533
1,000 ppm CTAC/NaSal 48.8 0.7901 0.4076





Figure 2.8: Viscosity flow curves of the 500 ppm and 1,000 ppm CTAC/NaSal
solutions, with the Carreau model (solid black lines) fitted for both cases.
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Table 2.2: Zero-shear viscosities and relaxation times of similar fluids from
literature
Fluid η0 (cP) λ (s) ref
Water 1 0 Li et al. (2010)
200 ppm CTAC/NaSal 12.1 0.25 Li et al. (2010)
600 ppm CTAC/NaSal 28.1 0.42 Li et al. (2015)
1,000 ppm CTAC/NaSal 45 0.57 Li et al. (2010)
Table 2.2 shows the zero-shear viscosities and the relaxation times of similar
fluids described in the literature. The parameters of the 500 ppm CTAC/NaSal
solution were not present in the literature, however, but it is assumed the zero-
shear viscosity was accurate from the rheometer data recorded, as this value lies
between the published values for 200 ppm and 600 ppm CTAC/NaSal solutions.
Thus, the zero-shear viscosity values recorded by the rheometer were used for the
viscosity parameter in all equations.
2.3 Hydrodynamic Characterisation
The geometric configurations described in section 2.1.2 were initially characterised
hydrodynamically, in order to record the pressure drop penalties associated
with such geometries in the context of the TIPS performance envelope. These
measurements were used to determine which obstructed geometries could offer
similar pumping penalties to the benchmark of the micro-gap geometry. The
pressure-flow measurements for the PDMS serpentine channels were performed
in conjunction with the PIV experiments. The pressure-flow set-ups are described
in the sub-sections 2.3.1 and 2.3.2, with the corresponding data reduction detailed
in sub-section 2.3.3.
2.3.1 Pressure-flow set-up and procedure for geometric
configurations
The pressure-flow set-up is shown schematically in Figure 2.9. The working fluid
(DI water) was drawn from a reservoir (1) using a Cole Parmer gear pump
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(with microfluidic head attachment model 07002-14) (2), which was connected
to an in-line Nalgene filter (3) (screen size 0.2 µm). Flow was infused through a
Bronkhorst liquid-flow meter (model no. L30-ABD-33-0) (4), calibrated for flow
rates from 0 –– 166.67 mL/min, to ensure that accurate flow rates were maintained
throughout the experimentation. After exiting the flow meter, the fluid entered
a tee junction where the static pressure normal to the flow, between the test
chip holder (5) hosting the chip of interest (6), and a calibrated Omega wet-wet
3.5 bar differential pressure transducer (7) (model PXM409-3.5BDWU10V), was
sampled. This sensor provided a linear voltage change with change in pressure.
Upon exiting the chip, the flow passed to another tee junction, where fluid flowed
between the transducer and tubing leading back to the reservoir. PTFE tubing
(inner diameter (I.D.) = 2.55 mm) was used throughout the system. Power
was supplied to the flow meter and transducer via an AIM-TTi bench power
supply (series: QL3555TP). The flow meter and transducer output were recorded
using an NI SCB-68 I/O connector block (8), which was connected to an NI PXI
(9). A LabView program (10) was used to capture 1,000 sampling measurements
averaged per second for both the transducer and flow meter separately. Both the
transducer and flow meter were calibrated prior to experimentation (certificates
supplied in Appendix E), with uncertainties of ± 0.08% and ± 0.1% for both,
respectively. This set-up was used to capture the pressure-flow results for all the
aforementioned chip geometries.
The test chips were initially flushed with DI water to expel any air bubbles
present prior to experimentation. Prior to experimentation, the auxiliary
pressure losses across the tubing and through the chip holder were recorded
through separate tests, with these values subtracted from subsequent channel
flow recordings to ensure the pressure penalty contribution of the channels alone
(including the entrance and exit sections and plenums, as shown in Figure 2.3
(A)) were measured. The gear pump was set to the desired flow rate. After an
initial settling period of approximately 2 minutes, pressure measurements were
recorded over a five-minute period and averaged over the recording interval. This
procedure was repeated for ten flow rates (from 1 –– 10 mL/min) across both the










Figure 2.9: Schematic layout of experimental apparatus set-up: (1) reservoir
containing de-ionized water, (2) Cole Parmer gear pump, (3) in-line 0.2 µm screen-
size filter, (4) Bronkhorst liquid flow meter, (5) chip holder, (6) chip containing
channel of interest, (7) Omega wet-wet differential pressure transducer and (8) NI
SCB-68 I/O connector block. The block was connected to an NI PXI (9) and
LabView was used for data acquisition of pressure and flow rate data (10).
2.3.2 Pressure-flow set-up and procedure for PIV tests
The pressure-flow set-up integrated with the µPIV set-up was used for both the
channel containing posts and for all PDMS serpentine channel tests. A schematic
of this system in conjunction with the PIV set-up, which will be discussed in
detail in Section 2.5.1, is shown in Figure 2.15 in section 2.5.1. A 330 kPa air
pressure line was connected to an Elveflow OB1 microfluidic flow control system
(stability ≈ 50Pa), which provided pressure to a glass container containing the
fluid of interest. The fluid then passed through PTFE tubing of nominal I.D.
800 µm (outer diameter (O.D.) = 1.6 mm), fitted with a 10 µm filter within the
fluid vessel, entering the channel of interest. For the channel containing posts,
pressure drops were recorded from 50 kPa to 300 kPa in intervals of 50 kPa, with
a final recording of 330 kPa measured due to limitations of the air compressor
available in the laboratory. For the serpentine channels, pressure measurements
of 2.5 to 10 kPa, in intervals of 2.5 kPa, and 10 to 100 kPa in intervals of 10
kPa were applied, depending upon the fluid tested. For all channel geometries
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tested, the flow was monitored and weighed over a period of five minutes using
a mass balance (Mettler Toledo AE 163) to ensure that accurate flow rates were
recorded.
2.3.3 Data reduction
The pressure drop was calculated theoretically for the micro-gap channel. For





where A is the cross sectional area of the channel, and P is is the wetted perimeter






where ρ is the fluid density, U is the mean fluid velocity, and µ is the fluid’s
dynamic viscosity. However, it has been suggested that this choice of length
scale may be inappropriate for laminar flow in microchannels, and Muzychka
and Yovanovich (2009) proposed that a suitable characteristic length scale for
microchannels can be defined as Dh =
√
A. This scale was applied to the
rectangular microchannel sections of the overall micro-gap geometry.
In general, the conventional hydrodynamic equation (O’Connor et al. (2015))









where ρ is the fluid density, V is the centerline velocity, f is the friction factor,
L is the channel length, Dh is the hydraulic diameter and KL represents the
minor losses associated with contractions, expansions and bends occurring within
channels. In the configurations considered in this thesis, as the fluid flows from
the plenum and enters the micro-gap, developing laminar flow is present. The
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ARe√A for an aspect ratio of 0.2) was ≈ 3 mm at
the highest flow rates, indicating that the development length is non-negligible.
Equation 2.5 expresses the product of the developing flow friction factor, f , and
Reynolds number (based on
√
A of the channel) for such flow fields, for channel
aspect ratios varying from 0 to 1. The second term describes the dimensionless


















where Z+ is the dimensionless duct length, and ε is the aspect ratio (0.2 for the










A is the square root of the channel’s planar cross sectional area, and








where µ is the fluid’s dynamic viscosity. For the micro-gap section, as the length
scale is different to the conventional theory, and the development length is non-








where ṁ is the mass flow rate. Equation 2.8 also defines the pressure drop across
the rectangular channels (aspect ratio = 0.5) leading to and from the plenums
at either side of the micro-gap within the channel geometry (sections shown in
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Figure 2.10, located from numbers 1 – 4 and 7 – 10). The plenums through
which fluid enters and exits the micro-gap section were treated as a diffuser and
nozzle respectively for theoretical characterisation. The pressure drops across all
sections of the chip were added together in series, with each section including loss
coefficients for right angle bends, sudden contractions and expansions through the
various geometries, to determine the approximate theoretical value for the overall
micro-gap channel. The areas within the channel where losses are predicted to
occur are numbered in Figure 2.10. The loss coefficients associated with locations
1, 5, 6 and 10 were calculated from graphs or relations for sudden expansions and
contractions, and bevelled exits and entrances (White (1998), p. 372). The
diffuser entrance (4) was calculated from a loss coefficient graph devised for near








Figure 2.10: Numbered locations of loss factors estimated for Newtonian flow
case.
The nozzle exit (labelled as 7 in Figure 2.10) was treated as a bevelled
contraction for which the loss factor is calculated from:
K ≈ 0.0696[1 + CB(sin(α/2)− 1)](1− β5)λ2j + (λj − 1)2 (2.9)
where β is the diameter ratio (d2/d1), λj is a jet contraction coefficient, CB is a
ratio of the bevel length, l, to the length of the conical contraction, and α is the
included angle (Rennels and Hudson (2012)). Figure 2.11 schematically depicts







Figure 2.11: Schematic of bevelled contraction, adapted from Rennels and
Hudson (2012), which shows: bevel length (l), included angle (α), the diameters
used to calculate the diameter ratio β (d1 and d2), and the velocities (V1 and V2)
associated with the areas before and after the contraction respectively.
The jet contraction coefficient is calculated from:










(1− 0.215β2 − 0.785β5) (2.10)







Equation 2.9 yielded a loss coefficient of ≈ 0.408. The loss coefficients associated
with each area numbered in Figure 2.10 are summarised in Table 2.3.
Table 2.3: Loss coefficients associated with micro-gap geometry.






Chen et al. (2014)
2, 3, 8, 9 Right-angled bend only 1.2 Chen et al. (2014)
4 Diffuser entrance 0.4 Miller (1990)
5 Bevelled expansion 0.045 White (1998)
6 Bevelled contraction 0.4 White (1998)




0.75 + 1.2 = 1.95
White (1998)
Chen et al. (2014)
A theoretical equation for a Newtonian flow pressure drop across geometries
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similar to the PDMS serpentine channels could not be found in the literature. As
an alternative method of determining the accuracy of the pressure drop results,
the serpentine channel was treated as a straight rectangular channel with losses.
As Muzychka’s theory only applies to channels with aspect ratios less than 1,
the friction factors could not be derived from Equation 2.8. For aspect ratios of
1 and 2, the Poiseuille numbers are defined as 14.23 and 15.55 respectively by
Kandlikar et al. (2006). As the Reynolds number was calculated from the bulk
velocities obtained through mass flow balances of the flow, the theoretical friction





The friction factor f as a function of Reynolds number Re was subsequently
plotted, as shown in Figures 2.12 and 2.13, for the 250 and 500 µm serpentine
channel heights respectively. The experimental data trend matches the theoretical
line, with maxima differences of 14.2 and 22.5% occurring between the lowest
experimental and theoretical friction factors for 250 µm and 500 µm channels










250 m x 250 m
Figure 2.12: Friction factor versus Reynolds number plots for Newtonian flow in










250 m x 500 m
Figure 2.13: Friction factor versus Reynolds number plots for Newtonian flow in
the 500 µm serpentine channel.
2.4 Flow Visualisation
Flow visualisation was undertaken to observe the fluid flow behaviour through the
500 µm deep serpentine channel. Rhodamine (used as a tracer dye) was added
to 200 mL of a 1,000 ppm CTAC/NaSal solution. This solution was placed in
one syringe, with the corresponding un-dyed fluid placed in a second syringe.
Both fluids were infused simultaneously through the dual inlet side of the 500
µm serpentine channel. The µPIV system (described in the following section)
was used to record the flow at various locations for imposed flow rates up to 1
mL/min.
Figure 2.14(A) shows the flow visualisation results recorded at 1 mL/min.
Constant fluctuations in streaklines were captured at the inlet for the flow
rate, with fluctuations occurring within both two streams upon encountering
the serpentine bend due to the colour change observed compared to the entrance
section. However, the separate flow paths for both streams can still be observed
throughout the rest of the bend and downstream in the channel, suggesting that
the infused streams did not mix irreversibly and remained independent. The
instabilities of the fluid flow in the upstream and downstream sections are clearly
visible, whereby the two streams fluctuate throughout the fields of view shown and
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never appear symmetrical. This suggests that for even low flow rates, fluctuations
can be induced in WLM solutions. For comparative purposes, figure 2.14(B)
shows the flow visualisation results of a polymer solution at flow rates of 2, 6
and 12 µL/min respectively (Ducloué et al. (2019)). It is clear at the higher flow
rates that the interface between the two streams is more pronounced, due to the
decreasing residence time of the fluid (Ducloué et al. (2019)). This contrast is
clear in the serpentine bend for the CTAC solution tested, with clear division
between the dyed and undyed streams throughout the channel. This suggests
that interface between the two streams within the WLM solution behaves in a




  Entrance   Upstream Serpentine bend Downstream
(A)
(B)
Figure 2.14: (A) Flow visualisation of 1,000 ppm solution at a flow rate of
1mL/min. (B) shows a polymer solution flow through a serpentine channel at
various flow rates (taken from Ducloué et al. (2019)). It is clear that the two




µPIV measurements were utilised to capture the instantaneous velocity flow
fields of the fluids within the microchannels. A laser light, focused by a lens,
illuminated fluorescent tracer particles added to the fluids. The laser was pulsed
twice, illuminating the fluorescent particles, and a frame-straddling Charged-
Couple Device (CCD) camera was used to capture the movement of the particles
over two sequential frames (one image pair), with a known time interval between
the pulses (∆t). The PIV software was then used to correlate the displacement
of these particles since the change in time (∆t) between image pairs is known,
and determine their velocities. The PIV measurement set-up and procedure,
rig characterisation, flow visualisation and data reduction are detailed in the
following sub-sections.
2.5.1 Set-up and experimental procedure
A schematic of the µPIV set-up is depicted in Figure 2.15, with the actual rig used
shown in Figure 2.16. Prior to experimentation, each test fluid was seeded with
Nile red fluorescent 0.53 µm diameter micro-particles (Sphero-tech FP-0556-2, 1%
w/v concentration, 2 mL volume). The working fluid volume was 800 mL, which
resulted in a particle concentration of 0.0025 % w/v. An inverted epifluorescence
microscope (Nikon TI-S) was fitted with a filter cube that contained a 532 nm
dichroic mirror, and a 650 nm high-pass filter. This filter-cube set-up ensured
that the camera was only exposed to the emissions of the fluorescent particles.
The chip-holder, and subsequently the PDMS channels, were held in place on
the stage positioned above the lens in a 75 x 25 mm slide recess and secured
using Scotch tape. The x- and y-stage positions were accurately controlled using
digital micrometers (Mitutoyo series 350-352, ± 2 µm accuracy). A 532 nm Litron
Nd-YAG laser system (there are two lasers in the PIV laser head) with an 8 ns
pulse duration and a repetition rate of 7.5 Hz was used, which passed through
an objective lens positioned below the channel. A TSI 4MP-LS camera with 2
x 2 binning (used to reduce image noise), frame grabber and synchronizer (TSI
610035), were used to capture the image pairs. The laser light (focused to a point
in the optical path of the objective lens) illuminated the channel of interest and
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was pulsed twice, with the emission from the particles captured by the camera
both times, with a known time difference between the image pair. The time step
(∆t) chosen for the experiments varied between 2.1 µs – 900 µs, based on the
applied pressure and resulting particle displacement. A total of 500 image pairs
were recorded for each experiment.
A 3 bar (300 kPa) airline attached to the flow controller delivered the required
pressure to the glass bottle containing the seeded fluid, forcing this test fluid
through a 10 µm filter and 800 µm I.D. tubing to the microchannel of interest.
This diameter tubing was selected to minimise pressure losses in the flow circuit.
For each applied pressure, the mass of the fluid exiting the channel was weighed
over a period of five minutes. The flow rate for each experiment was then
calculated using this data.
20 g
Flow controller
Pressurised                  
air supply























3 bar air line
Inverted 
microscope
Figure 2.16: µPIV rig, with all main sections labelled.
Prior to experimentation, the channels were primed with the test fluid of
interest, and any air bubbles observed were expelled. The pressure ports located
on either side of the serpentine bend, as shown in Figure 2.4 (A), and the
additional exit port were plugged with 1.6 mm blanks once the bubbles were
removed, to prevent leaks during testing. Using the microscope wheel, the top
and bottom of the channel were located and the midway position between these
was determined and set as the fixed location for the measurements. Additionally,
the velocity fields for the 2.5 kPa case for both serpentine channel heights were
recorded at a 25%, 50% and 75% depth from the channel wall in order to capture
the fluid dynamics behaviour throughout the depth of the channel. A top-down
view of the µPIV stage, indicating the position of the channel and the micrometers
used, is shown in Figure 2.17 (A), with a close-up view of the channel in position

















Figure 2.17: (A) Top-down view of the PDMS channel in the PIV rig.
The micrometers were used to adjust the position of the stage for the various
measurements. (B) Close-up of PDMS channel. Fluid was infused through the
left-side port, with the additional pressure ports plugged during testing.
A 10x Nikon lens was used for the fluid dynamics measurements within the
TIPS channel containing posts, resulting in a field of view of 1.32 mm x 1 mm. A
20x Nikon lens was used for all measurements recorded for the PDMS serpentine
channels, yielding a field of view of ≈ 0.66 mm x 0.5 mm. A schematic indicating









Serpentine Channel Various Fields of View
(B)
Figure 2.18: (A) PIV fields of view for the Newtonian and non-Newtonian
(PAAm) cases of the channel containing cylindrical posts. (B) The dotted
rectangular sections indicate each field of view along the length of the serpentine
channel. Each section was recorded sequentially per induced flow rate.
Stafford et al. (2012) conducted a full first- and second-order statistical
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analysis for PIV measurements of a region of interest for a radial fan flow
application. This was assessed by varying the sample sizes (from 75 to 500
to 1,000) and the influence of such variance on the turbulence intensity and
velocity magnitudes were among the results monitored. A probability density
function (PDF) of the full-field error for the time-averaged velocity magnitudes
was presented, with the 75 and 500 vector map samples plotted over the 1,000
sample averaged quantities. The local errors reduced with increased sample
size, with a 95% confidence level associated with a difference in mean velocity
magnitude of less than 3.24% for the 500 sample size. Thus, 500 image pairs were
considered to be an adequate sample size for this experimentation.
2.5.2 Data reduction
Each raw image pair was analysed by the TSI Insight 4G software. The resulting
analysis files yielded the velocity components based on the movement of the
particles in the interrogation region, from which various parameters used to assess
the fluid dynamics of the flow were calculated. These processing steps and variable
computations are detailed in the following sub-sections.
2.5.2.1 PIV image processing
The following steps were performed to determine these velocity vectors:
 A spatial calibration was initially applied so that each pixel could be
converted accurately to a known length, with a value of 0.56 µm/pixel
applied for each image.
 A mask was applied to the image which outlined the channel regions in
the field of view. Any region outside of this mask was ignored during
computations as there was no flow here (apparent in Figure 2.18 B).
 A pre-processor step was used to calculate the average background intensity
of all the image pairs. The resultant value was considered the background
image and was subtracted from each subsequent image pair, in order to
isolate the particles from stationary image data, such as channel walls and
particles deposited there on.
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 A Nyquist grid engine split the images into interrogation regions for
analysis. An initial coarse grid of 80 x 80 pixels in the first image and
80 x 80 pixels in the second image of the image pair was used, with the
final spot size being 48 x 48 pixels. There was a 50% overlap between the
adjacent interrogation regions.
 The traditional PIV cross-correlation method poses limitations in resolving
the velocities near the channel walls due to the large velocity gradient. Thus,
a deformation grid method was applied. A recursive image deformation
procedure, as described by Scarano (2001), is illustrated in Figure 2.19. In
deformation processing, the interrogation spot image B is deformed and is
overlapped onto interrogation spot image A until there is no displacement
between these images. The resultant deformation of spot B yields the





Figure 2.19: An example of the image deformation method (Scarano (2001)).
(A) shows the results of a typical cross-correlation on a coarse interrogation grid,
with an example of image deformation of the coarse grid shown in (B), denoted
by the dotted lines. Similarly, (C) shows the cross-correlation result on the refined
grid, with the image deformation of this grid shown in (D).
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 The cross-correlation between the interrogation regions was computed using
a Fast Fourier Transform (FFT) algorithm. A Gaussian peak engine was
then applied, which located the correlation peak to subpixel accuracy by
fitting a Gaussian curve to both the highest pixel and in addition its four
closest neighbours. This process was applied to each interrogation region,
yielding a complete map of resultant vectors for each of the 500 image pairs.
 As some vectors may be miscalculated due to various factors such as
clumping of particles in the fluid flow, both a post-processor consisting
of local vector validation and vector conditioning steps were applied to
the image pairs. The local vector validation compared a 3 x 3 vector area
surrounding each vector to the median value of all these chosen surrounding
vectors. A tolerance of 2 for both dU and dV was defined (in pixels), and if
this threshold was exceeded by the difference between the local vector and
its reference vector, the local vector was discarded and replaced by either
the local median vector or one of the additional peaks (stored from the cross
correlation peak detection) that was deemed valid. The vector conditioning
step was then applied to fill gaps, left from the previous step in the velocity
vectors, using a recursive filling method, with secondary peaks being the
priority.
2.5.2.2 Flow parameters
Various flow parameters were computed to analyse the behaviour of the fluids
recorded from the µPIV results, including velocity magnitude, fluctuation
magnitude, flow-type, correlation coefficients and divergence, which are discussed
further in this sub-section. The results of these parameters are discussed in
Section 3.2.2.
The instantaneous velocities and their respective co-ordinates were generated
upon the conclusion of the PIV processing steps. The velocity magnitude, Umag,
was calculated using 2.13:
Umag =
√
u2 + v2 (2.13)
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where u and v are the x and y co-ordinate velocities. The time-averaged velocity
magnitude was calculated by averaging the velocity magnitude over the number







From the PIV data, the fluctuation magnitude (I) was calculated, which can
be used as a measure of mixing in inertial flows (Nolan et al. (2016)). Thus,
to characterise the mixing viewed within the channel from PIV measurements,
the fluctuation magnitude was computed by normalising the root mean square










where Urms and Vrms are the root mean square x and y-direction velocities, and
Umean and Vmean are the mean x and y-direction velocities respectively.
In curved flow, the Dean number describes the secondary flow created by the






where Re is the Reynolds number (based on the average velocity in the inflow to
the serpentine, U), Dh is the hydraulic diameter, and R is the radius of curvature
of the serpentine channel (500 µm for the channels fabricated).
The flow-type parameter was used to determine whether the fluid flow was
extensional, shear-dominated or experiencing a rigid body rotation throughout























where ∇−→u is the velocity gradient tensor, and ∇ for a rank 2 tensor is expressed
as:






The flow type parameter value varies from -1 to 1 (Zilz et al. (2012)), where -1
indicates rigid body rotation (no deformation), 0 is shear-dominated flow, and 1
represents purely extensional flow (zero rotation). Figure 2.20 shows the flow-type
results of a simulation of Newtonian creeping flow in a serpentine channel (aspect
ratio = 1.25) (Zilz et al. (2012)) where the flow is predominantly dominated
by shear, with the exception of narrow, symmetrical sections of rotational and
extensional flow along the centreline due to lower rates of deformation (pure shear
occurs at ξ = 0). All of the aforementioned parameters were calculated for the









Figure 2.20: Simulated flow-type parameter for a Newtonian creep flow in a
serpentine channel with an aspect ratio of 1.25 (Zilz et al. (2012)).
Nolan and Walsh (2012) used spatial correlations to determine the extent to
which disturbances occurred across a 2D measurement plane taken to examine
the structures occurring in pre-transitional and transitional boundary layers
subjected to free stream turbulence. These results were used to identify
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breakdown events by regions of high local correlations, which may not be
clearly identifiable from vector maps alone. This approach was adopted for the
experimental results obtained for this work. A rotation matrix was applied to the
serpentine channel flow, to orientate to a local co-ordinate system (normal and
tangential), such that the time-averaged velocities were aligned to the tangent of
the centreline flow. The transformation of the x and y components to n and t






cos θ − sin θ






where θ is the vector angle.
Spatial correlations of both the normal and tangential co-ordinates (n,t) of a
central point in the flow in the middle section of each field of view were plotted.
These correlations were used to determine if spatial events in the flow history
informed any mixing which happened within the channel, and how the fluid
behaved as a whole throughout the channel at various pressure drops.
The fluid flow in this work is assumed to be incompressible, indicating a
divergence free flow. Any observed divergence in the 2D measurement plane is
therefore due to out-of-plane flow. For example, Mitchell Ferguson et al. (2015)
used divergence to determine the out-of-plane motion of the velocity fields within
an oscillating water column. Divergence is defined as follows (Cohen and Kundu
(2007)):















Although positive values indicate a source, and negative values capture a sink,
it is difficult to assign either to a certain positive or negative z direction within
the channel. The divergence of the velocity fields recorded for this thesis were
calculated to determine if out-of-plane motion occurred, which could be indicative
of Dean flow for enhanced fluid mixing. The velocity out-of-plane and the
divergence of the flow for three slices of a synthetic 3D gyre flow example
created in Matlab are shown in Figure 2.21. The data was generated using the
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following equations: u = sin(0.5 ∗ π. ∗ y), v = −sin(π. ∗ y). ∗ cos(π. ∗ z) and
w = cos(π. ∗ y). ∗ sin(π. ∗ z) for a grid size of x, y and z. The pattern observed
with the out-of-plane velocity is similar to that of the divergence, demonstrating








Figure 2.21: (A) and (B) show a synthetic double gyre flow generated in
Matlab, with (C) showing slices of the out-of-plane velocity and the corresponding
divergence of the flow slice is shown in (D).
2.5.3 Rig characterisation
An analytical model of Newtonian flow in a rectangular channel was used to
compare the experimental velocity profiles of DI water within the fabricated
channels (code supplied in Appendix H). The velocity profiles of a power-law fluid
within a rectangular duct were modelled based on Equation 2.24 from Hartnett





















where ua is the axial velocity component, y is the rectilinear co-ordinate which
is orthogonal to x, z is the co-ordinate orthogonal to x and y, Ua is the mean
axial velocity, a is half the length of the longer side of the rectangle, b is half
the length of the shorter side of the rectangle, α and β are constants and Ai is a
coefficient dependant upon the aspect ratio and power-law index (Hartnett and
Kostic (1989)). The directions of x, y and z and the lengths of a and b are drawn









Figure 2.22: Schematic indicating the directions in Equation 2.24 for a power-law
fluid.










Table 2.5: Values of coefficients for power-law fluid flow in a rectangular duct.
q α∗ A1 A2 A3 A4 A5 A6
1 1 2.346 0.156 0.156 0.0289 0.0360 0.0360
0.75 1 2.313 0.205 0.205 0.0007 0.0434 0.0434
0.5 1 2.263 0.278 0.278 −0.0285 0.0555 0.0555
1 0.75 2.341 0.204 0.119 0.0256 0.0498 0.0303
0.75 0.75 2.310 0.235 0.180 0.0001 0.0568 0.0364
0.5 0.75 2.263 0.286 0.267 −0.0277 0.0644 0.0505
1 0.5 2.311 0.296 0.104 0.0285 0.0795 0.0303
0.75 0.5 2.288 0.299 0.174 0.0120 0.0811 0.0364
0.5 0.5 2.249 0.312 0.274 −0.0101 0.0780 0.0501
1 0.25 2.227 0.503 0.0867 0.0274 0.184 0.0189
0.75 0.25 2.221 0.459 0.160 0.0312 0.160 0.0210
0.5 0.25 2.205 0.407 0.270 0.0257 0.131 0.0364
The parameters for α and β are listed in Table 2.4, with the coefficients
for Ai detailed in Table 2.5. Since the equation is limited to channel aspect
ratios of 0.25 to 1, the 250 µm channel (aspect ratio = 1) was selected for this
rig characterisation. As q = 1 indicates Newtonian fluid flow behaviour, the
coefficients associated with this index value were used for the model. A segment of
the channel further upstream of the serpentine bend was chosen for this analysis,
as the laminar flow was fully developed within this rectangular section. The
flow of DI water through the channel at 25%, 50% and 75% depths from the
glass wall of the channel was recorded for applied pressures of 10 – 80 kPa, in
steps of 10 kPa. The PIV processing described in Section 2.5.2.1 was applied
for the calculation of the velocity profiles within the channel, with time steps of
1.8 – 55 µs utilised, depending on the applied pressure. Figure 2.23 shows the
comparison of the power-law model, generated from the experimental flow rates,
and time-averaged experimental velocity profiles at the various applied pressures
and depths indicated. The experimental data sets are generally in agreement with
the theoretical models, with a maximum difference of 6.3% recorded between
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results for the 10 kPa 50% depth case. The discrepancy could be due to the
fabricated channel having a width of 253 µm (as pressure drop scales with Dh
−4),
resulting in a slightly rectangular cross-section compared to the square profile
described by Equation 2.2. Overall there is a good agreement between the
theoretical and experimental profiles, suggesting that the µPIV measurements














































































Figure 2.23: Comparison of experimental and theoretical velocity profiles of the
power-law of DI water in a 250 µm depth channel at applied pressures of (A) 10
kPa (B) 30 kPa (C) 40 kPa and (D) 70 kPa. The blue diamonds, red squares




2.6 Flow Induced Birefringence
The optical train constructed for testing is discussed in the following sub-
section, followed by details of calibration and the data reduction associated with
birefringence measurements. The stress-optical coefficients associated with the
CTAC/NaSal concentrations tested were unknown, particularly at high shear
rates. Hence, due to the absence of these optical coefficients, the stresses
observed could not be directly computed, and the birefringence results presented
in Chapter 3 are qualitative rather than quantitative for this work.
2.6.1 Birefringence set-up and procedure
The birefringence rig is shown in Figure 2.24 (A), with (B) displaying a close-up
view of the circular polariscope. A high intensity fibre light source (Thor Labs
OSL2) was used to illuminate the channel. A fibre bundle (Thor Labs OSL2FB),
with an operating wavelength range of 400-1300 nm, connected the light source to
a collimation package (Thor Labs OSL2COL). A 12.5 mm diameter narrow band
filter (Thor Labs FL532-1, central wavelength (CWL) = 532 nm, full width at
half maximum (FWHM) = 1 nm) was mounted in an SM1L03 lens tube, through
which the collimation package focused the light on a silver-coated turning mirror
(CCM1-P01). This mirror projected the light upwards through a 60mm cage
set-up housing the circular polariscope. A gray-scale CCD camera (Hamamatsu
Orca-03G, powered by AC adaptor A3472-06), with a frame rate of 8.9 frames
per second (fps) for 1344 x 1024 pixel images was clamped in position above
the optical set-up. An exposure time of 0.1 seconds and a gain value of 1 was
determined as the optimum for capturing images of the flow. A 6.5x zoom lens
(Thor Labs MVL6X12Z), used in conjunction with a 2x extension tube (Thor
Labs MVL20A), was attached to the camera via a C-mount adapter (MVLCMC).
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Figure 2.24: (A) Birefringence rig used for experimentation, with (B) showing a
close-up of the circular polariscope section of the equipment.
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The circular polariscope (depicted schematically in Figure 2.25) and flow
measurements consisted of the following:
 A polarizer (Thor Labs LPVISE2000), mounted in a lens tube, was placed
in a 25.4 mm diameter rotation mount (Thor Labs LCRM2/M).
 The incident light passed through this polarizer and entered a quarter-wave
plate, tuned to 532 nm (Thor Labs WPQ20ME-532) and offset at 45 degrees
to the polarizer.
 The now circularly polarized light then entered the sample, which was held
in position with an XYZ stage (Newport Optics XYZ 460P-XYZ), which
was situated upon a mounting block (ThorLabs TS240M). This set-up
allowed the channel to be placed in any position that satisfied the working
distance of the lens.
 The light became polarized (with additional retardation from the fluid stress
encountered within the channel) when entering a second quarter-wave plate
(Thor Labs WPQ20ME-532) located above the sample, which was offset at
90 degrees to the initial quarter-wave plate.
 This light finally exited a second polarizer (Thor Labs LPVISE2000) at
a different polarization direction. This second polarizer within a circular
polariscope is referred to as an analyzer. The polarizer and analyzer are
locked at 90 degrees to one another, thus blocking out any light under
undisturbed conditions.
 Fluid was delivered through the channel of interest at various flow rates
from Hamilton gas-tight 100 ml syringes (#1100) using a Harvard Phd
Ultra Apparatus syringe pump (accuracy = ±0.25 %). PTFE tubing (0.8
mm I.D.) was used throughout the system. The pressure-taps previously
punched from the serpentine channels were blocked by solid tubing or plugs
to prevent leakages.
 A total of 250 images per flow rate were acquired, with every image aligned
with the initial image using the imreg function in Matlab. The background
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image (the average of 250 images of stationary fluid in the channel were
recorded prior to experimentation) was subtracted from each aligned flow
case image, to provide a clear view of the birefringence. The mean result



















Figure 2.25: Schematic of the circular polariscope, with details of the polarization
directions annotated.
2.6.2 Calibration of optical train
To ensure light was fully extinct when the polarizers were crossed, a calibration
was carried out prior to each experiment. The polarizer was locked in position,
with the analyzer being rotated relative to the polarizer from -100 to 100 degrees
in 5 degree increments. The two quarter-wave plates were left in position, offset
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by +45 degrees and -45 degrees relative to the polarizer respectively. A series of 50
images per rotation increment were acquired, and the grey colour values within a
100 x 100 pixel area were averaged for the same location in each image (Schneider
et al. (2008)). This averaged grey value was plotted against the rotation angle,
and it was noted that the grey value was approximately zero when the polarizer
and analyzer were locked at 90 degrees relative to one another, suggesting that the
polarizer and analyzer were completely crossed at this angle. Figure 2.26 shows
the average grey value calculated as a function of the varying angle between the
polarizer and analyzer for one calibration, which shows that the polarizers were
completely crossed at ≈ 89.9◦. This plot was used to determine if the analyzer
and polarizer were correctly aligned prior to experimentation, to ensure accurate
birefringence measurements were obtained.
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Figure 2.26: Averaged grey values, obtained using a 12-bit camera, for varying
degrees between the polarizer and analyzer when no channel is present. The




The stresses associated with the birefringence values for shear flow between
parallel plates are calculated by the following equations (Humbert and Decruppe
(1998)):
∆n sin 2χ = 2Cσyx (2.25)
∆n cos 2χ = CN1 (2.26)
where ∆n is the birefringence value, χ is the angle of extinction between the
polarizer and analyzer, C is the stress optical coefficient, N1 is the first normal
stress difference and σyx is the tangential shear stress. These equations constitute
the stress-optical law. However, the stress-optical coefficient for the WLM
solutions used in this experimentation is unknown and only valid in a narrow
region of deformation, so the first normal stress difference cannot be computed.
Thus, a qualitative comparison relative colour change noted in the birefringence
measurements was used as complementary results to the fluctuation magnitude
noted for the viscoelastic flow using µPIV, as will be discussed in Section 3.5.
Further information on how the colour change could be extracted from viscoelastic
fluids, and converted to stresses, is detailed in Appendix D.
2.7 Uncertainty Analysis
Experimental uncertainties of various measurands associated with the test
facilities were noted. The primary uncertainties, the Kline and McClintock
method used to combine these uncertainties, and the results obtained for all
quantities are presented in the following sub-sections.
2.7.1 Primary uncertainties




 PIV system measurements
The accuracy of the µPIV software processing was previously characterised.
Nolan and Walsh (2012) processed velocity vectors using the iterative
recursive deformation processing technique within the INSIGHT 4G
software package, and determined that the uncertainty of the displacement
measured, using synthetic particle images, was ± 0.3%. This increased to ±
0.7% to take into account various spatial calibration uncertainties associated
with the camera and other sections of the set-up. This value of uncertainty
was assumed for the PIV set-up utilised for this work. The channel position
was controlled on the µPIV rig using Mitutoyo digital micrometers, accurate
to ± 2 µm. Figure 2.27 shows an image taken from the power-law velocity
profile experimentation performed on the upstream section of the 250 µm
serpentine channel. The field of view using the 20x lens on the microscope
was 0.66 mm x 0.5 mm. The distance between the red lines indicates that
the channel width (measured under the Keyence microscope as 253 µm) is
equal to 438 pixels, with a resulting micron per pixel value of ≈ 0.56. Using
the measurement of the channel width in microns, it can be determined
that the uncertainty associated with the spatial calibration is ± 1.2%.
























The geometric configurations were measured with a Keyence microscope,
and had a tolerance of ± 2 µm. The serpentine channels had width and
height uncertainties of of ± 3 µm and ± 5 µm respectively.
 Flow rates
For the geometric configurations, a Bronkhorst flow meter was used
to record the flow rates, which had an associated uncertainty of 0.1%
(calibration certificate supplied in Appendix E). Three types of pumps were
used for various experimental rigs. Two of the pumps supplied a known flow
rate to the channel of interest:
—The Cole Parmer gear pump was used for the pressure-flow
measurements of the geometric configurations. The fluid discharged by
this pump for programmed flow rates of 3 – 10 mL/min was weighed over 5
minutes and converted to a flow rate, which was compared to that displayed
by the pump. A maximum difference of 6.2% was recorded.
—A Harvard Phd Ultra Apparatus syringe pump was used for the
birefringence experiments (flow rates supplied: 0 – 220.82, with an accuracy
of ± 1%). Flow rates were weighed over a period of 5 minutes from the
pump using a mass balance (KERN ALS 120-4N, weighing range: 0.5 mg –
120 g ± 0.5 mg). These tests yielded an uncertainty of ± 0.1 mL/min. The
OB1 microfluidic flow control system applied a desired pressure, and the
flow rate associated with this pressure was weighed over five minutes using
a Mettler Toledo AE 163 mass balance, with a weighing range 0 – 162 g, ±
0.2 mg.
 Pressure drop
An Omega 3.5 bar wet-wet transducer was used to monitor the pressure drop
across the geometric configurations, and its uncertainty was ± 0.08% (±280
Pa). The uncertainty associated with the Elveflow flow control system,
supplying pressures to the serpentine channels, was ≈ ± 50 Pa.
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The variation in temperature during experimentation, which could affect
the working fluid viscosities, was deemed negligible as the experiments were
conducted in a temperature-controlled laboratory (≈ 20◦C). The optical train
was calibrated with an accuracy of ± 1 degrees.
2.7.2 Uncertainties of experimental measurands
The Kline and McClintock method (Kline and McClintock (1953)) was created to
quantify the proliferation of uncertainty recorded in experimental measurements
through to the final results, by assigning certain odds for the various uncertainties.
Equation 2.27 determines the result, R, a function of the primary variables from
x1 to the last variable xn (Holman (2001):
R = R(x1, x2, x3, ..., xn) (2.27)
The uncertainties of the independent variables are represented by w1 to w2,
and the uncertainty in the result is defined as wR (Holman (2001). The Kline


























The uncertainty of an additive function (R = c1x1+c2x2+ ...+cnxn) (Holman










If the function takes a product form, given by:



















These relations were used to determine uncertainties based on the primary
measurands presented in the previous sub-section. The overall uncertainties for
the various experimentation facilities and results are detailed in Table 2.6.




Channel positioning ± 0.3
Channel width ±1.2 – ± 1.97
Channel height ±1 – ± 2
Dh ±2.6 – ±4.2
Viscoelastic solution viscosities ±2.7 – ± 7.8
Re for viscoelastic fluids ± 5 – ±9.2
Re for DI water ± 2.7 – ±4.3
f for DI water ± 3.32 – ±4.57
Bronkhorst mass flow readings ± 0.1
∆P (Omega transducer) ± 0.08
∆P (OB1 flow controller) ± 0.014
Flow rates from syringe pump ± 2.39 – ±6.43
2.8 Closure
The channel geometries tested, working fluids characterisation, and the
experimental set-ups, procedures and data reduction techniques for pressure-
flow, birefringence and µPIV measurements were detailed in this chapter. The
validity of the pressure-flow and µPIV rig measurements was presented through
a comparison of the velocity profiles recorded in a rectangular section of a
PDMS channel against a power-law model of Newtonian flow. Uncertainties in
various measurands and quantities were identified and estimated. The pressure
drop penalties, fluid dynamics characterised from the velocity fields, and the




In this chapter, the optically characterised results of the flow behaviour for the
Newtonian and PAAm solutions in a channel containing posts, and for Newtonian
and 500ppm and 1,000 ppm CTAC/NaSal fluids in serpentine channels, are
described. The pressure drop results of the initial TIPS geometries are detailed
in section 3.1, including the fluctuation magnitudes associated with PAAm flow
in a channel containing posts. The averaged velocity flow fields, fluctuation
magnitudes, flow-type, correlation coefficients and divergence associated with
the dynamics of Newtonian, 500 ppm and 1,000 ppm CTAC/NaSal solutions
in serpentine channels of two different aspect ratios are discussed in section 3.2.
3.1 Pressure-Flow Data for TIPS Geometries
The theoretical and experimental pressure drops as a function of flow rate of
a Newtonian fluid (DI water) for the various TIPS chip geometries (previously
described in 2.1.1) are presented in Figure 3.1, with the quadratic polynomial
curve-fit equations and coefficient of determinations (R2) for each case in
Table 3.1. Experimental uncertainties for flow rates and pressure drops were
±1.5% and ±3% respectively. Repeatability tests carried out for the micro-
gap chip showed negligible deviation (≤±2.8%) recorded between each set of
results. The R2 values are close to 1 for all geometries, suggesting that a quadratic
polynomial curve fit was an appropriate model to assign to the data. The micro-
gap, which was the baseline geometry for pressure drop comparisons, incurred a
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pressure drop of 56.9 kPa at a maximum flow rate of 10 mL/min. The deviation
from theory at the maximum flow rate was 8.7%. The largest pressure drop (104.6
kPa at the maximum flow rate) was incurred by the multiple rectangular channel
array, which was significantly higher than the pressure drops of 65.5 kPa, 83.5
kPa and 85.9 kPa, respectively, recorded for cylindrical posts array, serpentine
geometry and the triangular posts array, respectively, for the corresponding flow
rate. The pressure drop across the single array of cylindrical posts was marginally
higher (≈ 16.1%) than the micro-gap, yet considerably lower (≈ 37.3%) than the
drop across multiple rectangular channels at the maximum flow rate. Such a
drop can be contributed to the significantly lower wetted area. This penalty
associated with fluid pumping indicates that the multiple channel configurations
may not be the most advantageous for electronic cooling, in comparison to the
other geometries tested. As the pressure drop of the channel containing cylindrical
posts was comparable to the micro-gap, this configuration was tested using micro-
PIV measurements to determine what mixing, if any, could be obtained using
a viscoelastic fluid compared to Newtonian flow. Pressure drop is not the only
parameter for deciding on a preferable channel design, as thermal resistance is also
critical. Obstructed geometries, often referred to as passive micro-mixers, have
been shown to enhance mixing of fluids in microchannels with the advantage of not
requiring external forces apart from pressure drop to propel the fluid through the
microchannel (Tsui et al. (2008)). It has been shown by other authors that mixing
enhances the convective heat transfer in microchannels. For example, Yong and
Teo (2014) analysed flow in converging-diverging microchannel of rectangular
cross-section using computational fluid dynamics (CFD). They concluded that,
with constant wall temperatures, water flow through such channels provided
enhanced heat transfer rates compared to straight channels of similar cross-section
due to the fluid mixing generated by vortices. Although the thermal behaviour
of the geometries tested for this work is outside the scope of this thesis, the
observed mixing of fluids could be used to enhance heat transfer of photonic
devices in future work, as shown in the literature.
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Figure 3.1: Pressure drop as a function of flow rate through the TIPS geometries
configurations (including plenums, entrance and exit channels shown in Figure 2.3).
The black line indicates the theoretical results for the micro-gap channel, calculated
using Equation 2.8 and using loss coefficients estimated in Table 2.3.
Table 3.1: Polynomial equations and coefficient of determination values of
pressure drop curve fits
Geometry Curve fit equation R2
Micro-gap 0.3765x2 + 2.0039x - 0.5481 0.998
Multiple rectangular channels 0.3844x2 + 6.4848x + 1.1194 0.997
Serpentine channel 0.5919x2 + 2.7243x - 0.2557 0.998
Circular post array 0.4265x2 + 2.2839x + 0.1287 0.998
Triangular post array 0.6416x2 + 1.9998x - 0.5911 0.998
Figure 3.2 shows the volumetric flow rate (measured from the mass-flow
recordings detailed in Chapter 2) as a function of applied pressure drop for
Newtonian (DI water) and the 100 ppm PAAm solutions within the channel
containing a single array of cylindrical posts. In contrast to the pressure drop
being a function of the flow rate imposed using a gear pump for the results
recorded in Figure 3.1, the µPIV set-up used for further testing utilised the
Elveflow controller supplying a known pressure, resulting in the flow rate being
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measured, as described in Chapter 2. For the same applied pressure drop, the
viscoelastic solution features a moderately lower flow rate (≈ 18.2 –– 28.6%)
than its Newtonian counterpart, suggesting that the pumping requirements of
such fluids are similar, and could be suitable for cooling photonic packages. For
this reason, the fluctuation magnitude of the Newtonian and PAAm solution
were studied in further detail, to determine the scale of turbulent-like movement
occurring in such flows.











Figure 3.2: Volumetric flow rate as a function of pressure drop for Newtonian
and non-Newtonian flows through a channel containing a single array of cylindrical
posts.
Figure 3.3 shows the fluctuation magnitude which was computed and spanwise
averaged for the 500 image pairs recorded for each applied pressure drop for both
fluid flows within the regions marked with a red box in Figure 3.4, immediately
down- and up-stream of the posts for the Newtonian and non-Newtonian flows
respectively. The fluctuation magnitude for the Newtonian cases was quite low,
indicating that no substantial mixing occurred. In contrast, the mixing for the
non-Newtonian flow indicates an increase up to 150 kPa and then a significant
decay with applied pressure. A peak of 38% is associated with the median
pressure of 150 kPa, which is close to four-fold higher than that contributed by the
Newtonian flow. This increase is similar to that reported in Nolan et al. (2016),
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for a channel of half the width of the channel considered in this thesis. This
increase and subsequent decay in I with an increase in pressure can be attributed
to inertial forces beginning to dominate the flow (Nolan et al. (2016)). This is
significant for Nusselt number enhancement associated with the flow, which could
increase the convective heat transfer in such channels.








Figure 3.3: Fluctuation magnitude as a function of applied pressure drop for both
Newtonian and 100 ppm PAAm flows.
Figure 3.4 details µPIV snapshots of the Newtonian and non-Newtonian flow
fields respectively through the channel at a pressure of 150 kPa, with the flow
direction from right to left. The flow measured downstream of the posts with the
Newtonian fluid indicates generally steady laminar conditions. Regions of high-
and low-speed stream-wise flow extend significantly downstream (≈ 0.9 mm) of
the 50 µm diameter posts. No oscillatory flow is observed, or is expected, at
any of the Reynolds numbers investigated. In contrast to the Newtonian fluid
case, the onset of localized mixing can be observed within the viscoelastic fluid,
which does not occur within the Newtonian flow at the same applied pressure.
The measurements of the viscoelastic flow measured directly upstream of the
posts show notable span-wise variation in stream lines, with flow slowing when
approaching the gaps in between cylinders. The streamlines indicate that the fluid
is oscillating on approach to the cylinders, with span-wise fluctuations observed,
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similar to that reported by Nolan et al. (2016), as shown in Figure 3.5. The
white streamlines are indicative of the instantaneous fields showing a buckling
instability and flow oscillating on approach to the 100 µm diameter post in a 500
µm wide channel (flow is from left to right). The flow instabilities, namely flow-
buckling and stagnation regions on approaching the posts, cause the fluctuations
noted in the flow.































Figure 3.4: µPIV snapshots of flow field. (A) Newtonian flow immediately
downstream of the circular posts as indicated and (B) indicates non-Newtonian
flow immediately upstream of the posts. The flow direction is from right to left.
White lines indicate instantaneous streamlines.
Figure 3.5: Instantaneous flow fields for 100 ppm PAAm solution in a 500 µm
wide channel containing ao 100 µm diameter cylindrical pillar, contour by mapped
viscosity (Nolan et al. (2016)). Flow is from left to right. Instabilities are present
on the left side of the post, where flow buckling occurs.
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Figure 3.6 shows a contour plot of the global fluctuation magnitude of the
100 ppm PAAm solution approaching the posts occurring at 150 kPa, which
corresponds to the peak fluctuation magnitude recorded during testing. The
fluid flow direction is from right to left. There is no apparent mixing further
upstream, indicating the presence of low pressure drop laminar flow. As the
fluid approaches the posts, it is clear that the turbulent-like mixing increases
significantly, with an average value of 40% recorded in the section indicated in
Figure 3.4(B) over which the magnitude was calculated. This indicates a high
level of fluid mixing within this section of the channel (approximately 400 µm
in length). As reported by Whalley et al. (2015), increased heat transfer rates
have been attributed to elastic turbulence occurring at vanishingly low Reynolds
numbers for viscoelastic fluids with high sucrose contents. In contrast to such flow
rates for highly viscous solutions, the level of turbulent-like behaviour observed
in this work at high pressures indicates that a low-viscosity viscoelastic fluid may
also enhance the overall heat transfer of integrated microdevices.

























Figure 3.6: Global fluctuation magnitude of 100 ppm PAAm solution immediately
upstream of the posts in the midplane of the channel for an applied pressure of
150 kPa (as indicated in inset via red rectangle), averaged over 500 images. Flow
direction is from right to left. The fluctuation magnitude approaches close to 40%
closer to the posts.
The following section details the dynamics of Newtonian and WLM solutions
in serpentine channels, as the characteristic flow of self-healing solutions
in geometries less prone to fouling could provide substantial heat transfer
enhancement through various mechanisms.
80
3.2 Fluid Dynamics in Serpentine Channels
3.2 Fluid Dynamics in Serpentine Channels
The optically characterised results for the serpentine channel, obtained using
µPIV and birefringence methods, are discussed in the following sub-sections.
The µPIV results show the fundamental dynamics through which turbulent-
like motion develop in the viscoelastic solutions, in contrast to the Newtonian
counterpart, which could significantly influence overall heat transfer behaviour of
a representative photonic device. The birefringence data is used as a qualitative
comparison to complement the velocimetry results in determining stress-induced
fluctuations and flow patterns.
3.2.1 Pressure-flow data
The volumetric flow rates induced as a function of the applied pressure drops
through the 250 µm deep and 500 µm deep singular serpentine channels are
shown in Figures 3.7 and 3.8 respectively. The theoretical pressure drop for
the Newtonian flow was calculated from Equation 2.4. From the resistance
coefficients given in (White (1998)) for 90◦ elbow bends, a KL of 2 was and
assigned to each serpentine bend. The zero-shear viscosities for both the 500 and
1,000 ppm CTAC/NaSal solutions was used to calculate the Reynolds numbers
of these fluids. A maximum flow rate of 20.3 mL/min was achieved at 80 kPa
for Newtonian flow in the 500 µm channel, with the maximum Newtonian flow
rate (10.6 mL/min) in the 250 µm channel occurring at 100 kPa. The highest
pressure drop penalties of ≈ 30.2% and 39.7% in the 250 µm and 500 µm
channels respectively were associated with the 1,000 ppm CTAC/NaSal solution
compared to the Newtonian benchmark case. The increased pressure drop penalty
incurred by both viscoelastic solutions was attributed to the higher viscosity of
the solutions. There was a maximum deviation of 13.7% from the Newtonian
theoretical line was recorded at 80 kPa in the 250 µm channel, which could be
associated with the estimated loss coefficients used in calculations, or slight errors
due to the fabricated channel height. Good agreement between experimental and
theoretical data was observed for the 500 µm channel flow. The velocimetry of
these flows are discussed in the following sub-section.
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Figure 3.7: Flow rate as a function of pressure drop for the Newtonian, 500 ppm
and 1,000 ppm CTAC solutions as recorded in the 250 µm deep serpentine channel.





















Figure 3.8: Flow rate as a function of pressure drop for the Newtonian, 500 ppm
and 1,000 ppm CTAC solutions as recorded in the 500 µm deep serpentine channel.
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3.2.2 Velocimetry
The time averaged velocity magnitudes (calculated from Equation 2.13 in
Section 2.5.2.2) at the mid-plane level of the 500 µm deep channel of the
Newtonian flow are shown in Figure 3.9 for the pressures indicated, with grey
streamlines overlaid. At the lowest pressures of 2.5 and 5 kPa (corresponding
to Re of 29.3 and 69.2 respectively), the flow is generally symmetrical with a
parabolic profile throughout the channel, with the highest velocities indicated
along the centreline, characteristic of well established laminar Newtonian fluid
flows in rectangular channels. This symmetry is apparent in Figure 3.10 of the
normalised velocity profiles along the entrance and exit sections as a function
of channel width (locations marked on insets of each graph). At the higher
pressure of 30 kPa, the highest velocities (≈ 1.8 m/s) are present and sweeping
along the outer wall of the first bend after the entrance (i), with a slower flow
apparent along the inner wall (≈ 0.6 m/s) towards the exit bend (ii). Eddies and
circulations along the serpentine bends are not present however, suggesting that
the movement of the flow for the higher pressures appears to rotate out of plane.
Such movement indicates a secondary flow downstream of the serpentine bend.
As noted by Di Carlo (2009), with secondary flow the centre of symmetric Dean
vortices moves outwards toward the outer wall of the channel with increasing De.
In this work, the flow pattern noted therefore indicates that conventional Dean
flow is present at 30 kPa and even more prevalent at 80 kPa where the velocities
increased towards the outer wall to ≈ 3 m/s after the comparatively stagnant
flow must have recirculated inwards (iii). For the 80 kPa case, upon exiting
the second bend, the Dean flow appears to dissipate and the velocity begins to
increase again along the centreline at the outlet, suggesting a return to normal
laminar flow further downstream of the serpentine bend at higher pressure drops.
Additional detail on the velocity flow fields and other parameters discussed in this
chapter of intermediate applied pressures for the 500 µm and 250 µm channels
are available in Appendices F and G respectively.
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Figure 3.9: Velocity magnitudes of the 500 µm channel mid-plane Newtonian flow
for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa, where
(i) indicates the sweeping motion towards the outer bend, (ii) shows a stagnant
section of flow and (iii) shows an area where the flow appears to move from the
channel wall towards the channel centre after a region of stagnation, indicative of
secondary flow or Dean vortices present in the flow.
84
3.2 Fluid Dynamics in Serpentine Channels












































Figure 3.10: Velocity profiles (normalised by maximum velocity magnitudes for
each pressure) for Newtonian flow along the midplane of (A) the entrance and
(B) exit and (locations shown as insets) of the 500 µm channel for the pressures
indicated.
Figure 3.11 shows the averaged velocity magnitudes at the mid-plane level
of the 250 µm deep channel of the Newtonian flow for the applied pressures.
Symmetrical flow is evident in the 2.5 kPa and 5 kPa cases. Li et al. (2010) also
noted smooth streamlines for Newtonian flow in serpentine channels (planar area
≈ 250 µm x 75 µm, Re = 2.4). The similarity in velocity patterns to the 500
µm cases indicates that the aspect ratio has little impact on the velocity patterns
of the Newtonian flow. The exception is that the onset of Dean flow appears
at a higher pressure of 30 kPa (De = 119.5), compared to 10 kPa for the 500
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µm counterpart (De = 80.74) (Figure F.1 (B) and Figure G.1 (B) show the 10
kPa velocity magnitude in 500 and 250 µm channels respectively). Xiong and
Chung (2008) utilised µPIV to investigate the behaviour of Newtonian flow in
three different widths of serpentine channels consisting of five same-sized straight
channels and eight miter bends. The aspect ratio of each channel was ≈ 0.96,
similar to the 250 µm channel used for this work. They concluded that for
Re < 100, no vortices were present at either wall of the bend. For the velocities
corresponding to 2.5 and 5 kPa in Figure 3.11, no obvious fluctuations are present































Figure 3.11: Velocity magnitudes of the Newtonian flow in the 250 µm channel
for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa.
However, Xiong et al. observed that vortices and flow recirculation appeared
along both the outer and inner wall after the bend of the channel for Reynolds
numbers over 300, which did not occur in the serpentine channels tested in this
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thesis. Figure 3.12 shows the averaged velocity flow field contour with velocity
vectors overlaid for the mid-plane flow in the 250 µm deep channel for the
Reynolds numbers indicated (aspect ratio = 1), with plots taken from Xiong
and Chung (2008) (channel aspect ratio ≈ 0.96) for similar Reynolds numbers
as indicated. Flow separation and vortices are apparent along the outer wall at
Re = 500 in Xiong and Chung’s work, compared to the steady flow apparent
throughout the bend in the 250 µm channel. The discrepancy can be attributed
to the difference in channel geometries, as the miter bend is much sharper (a
90◦ bend) compared to the smooth bends fabricated in this work. This resulted
in lower pressure drop and flow resistances than reported in literature due to
lower centrifugal forces based on the 500 µm bend radius. In summary, the
Newtonian results recorded in this thesis are consistent with those found in
literature. The onset of out-of-plane Dean flow, which could enhance convective
transfer, occurred at high pressure drops and dominates the flow post-bend in
the channels, regardless of aspect ratio.
























Figure 3.12: Velocity vectors for Re as indicated in the 250 µm channel in the left
column, with images in the right column of velocity vectors for Re of Newtonian
flow fields in channels of aspect ratios ≈ 0.96 (Xiong and Chung (2008)).
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The velocity magnitudes for the 500 ppm CTAC/NaSal solution in the mid-
plane of the 500 µm deep channel are shown in Figure 3.13. The velocity
patterns appear symmetrical for pressure drops of 2.5 and 5 kPa, which is clear
in Figure 3.14 in terms of the normalised velocities as a function of channel width
at the channel entrance. In comparison to the Newtonian flow in Figure 3.9, the
maximum velocity of the 500 ppm has a wider band within the channel for the 5
kPa case where the speed is ≈ 0.05 m/s throughout, indicative of a flatter velocity
profile akin to plug flow in contrast to the parabolic profile associated with the
narrower Newtonian counterpart in Figure 3.10. Dean flow is developing in the
30 kPa case and is fully apparent in the 80 kPa case for the 500 ppm fluid, similar

































Figure 3.13: Velocity magnitudes of the 500 ppm CTAC/NaSal flow in the 500
µm channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D)
80 kPa.
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Figure 3.14: Normalised velocity profiles of the 500 ppm CTAC/NaSal fluid along
the midplane of entrance of the 500 µm channel for the applied pressures indicated.
The velocity magnitude plots for the 1,000 ppm CTAC solution in the mid-
plane of the 500 µm deep channel are shown in Figure 3.15. The flow is faster
towards the outer side of the first bend after the inlet at 5 kPa, with this
pattern reflected in the higher velocities located along the top of the channel
leading towards the outlet after the second bend. This suggests that the higher
concentrations of CTAC/NaSal micelles may be experiencing elongation along the
outer walls and contractions at the inner walls, due to applied pressures. The flow
is sweeping towards the outer sections of both bends at 30 kPa as shown by the
streamlines, and rotational flow is not apparent in comparison to the Newtonian
case (Figure 3.9(C)) due to the slower moving flow (maximum of 0.58 m/s upon
encountering the second bend, in contrast to the maximum of 2.2 m/s for the
Newtonian flow). The onset of Dean flow is observed at higher pressures (80
kPa) for both CTAC/NaSal solutions, in comparison to the Newtonian flow (≈
30 kPa). The velocity magnitudes of both viscoelastic solutions were similar in
the 250 µm deep channel (figures available in Appendix G), so it is postulated
that the channel aspect ratio does not tend to affect the velocity profiles of the
CTAC/NaSal concentrations used in this study.
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Figure 3.15: Velocity magnitudes of the 1,000 ppm CTAC flow in the 500 µm
channel for pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa.
Figure 3.16 shows the flow structure visualisation of 200 ppm CTAC/NaSal
solution in a serpentine channel (planar area ≈ 200 µ x 75 µm) at Re = 0.2
(Li et al. (2010), previously discussed in Chapter 1). It was noted that the flow
structure of the fluid was different to the Newtonian solution along the curved
bend of the channel. Particles travelling along the inner side of the channel flowed
towards the outer side of the channel around the first section of the curved bend,
and again flowed towards the inner wall once encountering the changing curved
direction of the channel. This pattern is denoted by a dashed line in Figure 3.16.
Li et al. noted a similar behaviour in the 1,000 ppm solution and the structures
observed were three-dimensional (behaviour changed with varying depths of view
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in the channel), and also noted that the behaviour was noted to be caused by
the fluid’s viscoelasticity, dependent upon Re. Although the aspect ratio of Li et
al. was considerably smaller (≈ 0.3) than those used in this work. This sweeping
behaviour of fluid towards the outer walls of the channel after encountering bends
is similar to the behaviour shown for the 5 kPa cases of the 500 ppm and 1,000
ppm solutions in Figures 3.13 and 3.15 of this work, respectively. This suggests
that the flow of higher CTAC fluid concentrations observed in higher-aspect ratio
channels exhibits a similar change in streamlines due to the viscoelastic properties
of the fluids.
Figure 3.16: Visualisation of flow structures within a 200 ppm CTAC/NaSal
solution in serpentine channels with an aspect ratio of 0.375 (Li et al. (2010)). The
dotted red line indicates the streamlines of the particles flowing from the inner wall
towards the outer wall at low Reynolds numbers.
Figure 3.17 shows the average velocity magnitudes for the Newtonian, 500 ppm
and 1,000 ppm CTAC solutions at depths of 25, 50 and 75 % from the bottom
channel wall through the 500 µm channel under an applied pressure of 2.5 kPa.
For the Newtonian solution, the velocity profile is similar throughout as expected,
however the 25% and 75% depths are not fully equivalent, as the highest velocities
along the centreline of the channel are ≈ 0.11 m/s and 0.09 m/s respectively. This
minor discrepancy could be due to the slightly trapezoidal walls of the channel
during fabrication, as the width of the top and bottom walls varies by 3 µm (as
shown in Section 2.1.3 of Chapter 2). The 500 ppm solution appears to flow
symmetrically throughout the depth of the channel, with the sweep pattern of
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higher velocities along the outer walls continuous throughout the overall depth.
The 1,000 ppm solution has a different flow structure to its counterparts, with the
highest velocity overall noted at 75% depth in the channel. The velocity is highest
along the top wall of the outlet section of the channel and increases throughout
the various depths, indicating that the solution’s viscoelasticity affects the 3D
flow structure of the fluid, deviating from the symmetrical flat velocity profiles
associated with Newtonian fluids in rectangular channels. The fluid velocities
through the same varying depths of the 250 µm channel for the three fluids
























































Figure 3.17: Velocity magnitude plots for the three solutions at the various depths
indicated within the 500 µm channel. (A) to (C) show Newtonian flow, (D) to (F)
are the 500 ppm solution and (G) to (I) are the 1,000 ppm case.
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3.2.3 Fluctuation magnitude
The maximum fluctuation magnitude (I, described in Section 2.5.2.2) for the
Newtonian, 500 ppm and 1,000 ppm solutions as a function of both Reynolds
and Dean numbers for the 500 µm and 250 µm channels are shown in Figure 3.18
and 3.19, with Re and De based upon the zero-shear viscosity for both CTAC
solutions. The maximum I occurred within the section indicated by a rectangular
box in Figure 3.20. The maximum I of 42% for the 1,000 ppm CTAC solution
occurred at an Re of 0.11 in the 500µm channel. For the same channel depth, a
maximum I of 51% was recorded for the 500 ppm solution at Re = 0.29 at the
applied pressure of 2.5 kPa. The peak fluctuation magnitude recorded for the
Newtonian flow (≈14%) occurred at a significantly higher Re of 708 compared to
the viscoelastic solutions. Similar behaviour of the three solutions was observed
in the 250 µm channel.
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Figure 3.18: Maximum fluctuation magnitude for corresponding Re and De for
the Newtonian, 500 ppm and 1,000 ppm CTAC solutions in the 500 µm channel.
93
3. RESULTS & DISCUSSION













10-2 10-1 100 101 102
De
Figure 3.19: Maximum fluctuation magnitude for corresponding Re and De for
the Newtonian, 500 ppm and 1,000 ppm CTAC solutions in the 250 µm channel.
Flow direction
Figure 3.20: Location within channels where maximum fluctuation magnitudes
were recorded for each applied pressure.
Sugiyama et al. (1983) detailed the critical Dean number for Newtonian flow
from secondary flow patterns observed through flow visualisation studies for
aspect ratios up to 2.5, but with higher curvature ratios (rc / Dh = 5 – 8)
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compared to those used for this work (rc / Dh = 1.5 for the 500 µm channel). The
unstable De region for a channel of aspect ratio = 2 was above ≈ 210, which was
assumed to be true for this work. It is apparent that a steady increase in I begins
to occur at De ≈ 299 which is above the critical De required for unsteady Dean
vortices. Although no significant mixing is recorded for the Newtonian case, the
out-of-plane fluid movement could enhance heat transfer of a channel for high
pressure drop penalties. A peak I was observed at Re = 381.3 (De = 190.6)
for the Newtonian solution in the 250 µm channel. As the critical De within a
square duct (aspect ratio = 1) is ≈ 150 (Hille et al. (1985)), the increasing I could
correspond to the onset of Dean vortices. However, a pressure drop of 50 kPa
would be required to achieve this phenomenon. Similar to the 500 µm channel
results shown in Figure 3.18, the CTAC solutions incurred the maximum I values
for the lowest De (23% and 22% for the 500 ppm and 1,000 ppm fluids at De of
0.15 and 0.02, respectively). This is indicative of pure elastic turbulence occurring
at the lowest pressure drop due to the vanishingly low Reynolds number. The
phenomenon of elastic turbulence occurring at such low Re is discussed in the
literature (Groisman and Steinberg (2000), Traore et al. (2015), Qin and Arratia
(2017)).
These results suggest that significant mixing is achievable for the low viscosity
viscoelastic solutions at relatively low applied pressures in comparison to their
Newtonian counterpart. As the fluid behaviour exhibited is similar for both
channel heights, only the results of the 500 µm channel will be discussed further
in this chapter. The various corresponding results for the 250 µm channel
measurements are located in Appendix G, with all parameters for the remaining
applied pressures in the 500 µm channel, not discussed in this chapter, provided
in Appendix F.
The fluctuation magnitudes of the Newtonian flow in the 500 µm for several
applied pressures are shown in Figure 3.21. No obvious instability is noted up
to 30 kPa. At 80 kPa, there is an increase in I towards the second bend of the
channel, corresponding to the location in Figure 3.9 where the velocity swiftly
changes from ≈ 1 to 3 m/s as the flow rotates out of plane. The maximum I
is ≈ 14 % at this location. Pan et al. (2013), as discussed in Chapter 1, noted
velocity fluctuations of ≈ 1% for a Newtonian flow in a rectangular channel
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downstream of cylindrical posts, which is lower than the average of 6% and
maximum 12% recorded for all the fluctuations shown in Figure 3.21(B) and
(C). It is clear that a Newtonian fluid, such as the DI water used in this thesis,
may be more advantageous than a highly viscous solution (the fluid used by Pan
et al. (2013) was ≈ 200 cP) to enhance the fluctuations at higher pressure drops.
However, similar to Pan et al., the fluctuation magnitudes of the Newtonian flow
are significantly lower than the viscoelastic counterparts.
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Figure 3.21: Fluctuation magnitude of a Newtonian fluid in a 500 µm channel at
applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa respectively.
Figures 3.22 and 3.23 show the fluctuation magnitudes of the 500 and 1,000
ppm CTAC solutions respectively for applied pressures of (A) 2.5, (B) 5 (C) 30
and (D) 80 kPa. A significant decay in fluctuation magnitude with increasing
pressure is evident for both fluids, with the maximum I for both occurring at 2.5
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kPa, as shown in Figure 3.18 earlier. I decays at a faster rate throughout the 500
ppm solution (from ≈ 51% at 2.5 kPa to 28% at 5 kPa) compared to the 1,000
ppm fluid (41% at 2.5 kPa to 34% at 5 kPa). I still remains higher for the 80
kPa cases compared to the 2.5 and 5 kPa measurements of the Newtonian flow,
indicating that the elastic turbulence incurred by viscoelastic solutions at low
Re exhibit enhanced mixing. This is in comparison to Newtonian flows, which
require significant pressure drops to generate secondary flows via Dean vortices.
In comparison to the viscous PAAm solution used by Pan et al. (2013) which
resulted in maximum velocity fluctuations of 12% for Re < 0.01, the CTAC/NaSal
fluids incurred maximum localised I of 10% at significantly higher Re (≈ 15.8 –
33.6 for the 500 and 1,000 ppm respectively). This demonstrates that such low
viscosity viscoelastic fluids still incur mixing at both low and high Re compared
to highly viscous solutions exhibiting elastic turbulence at very low Re.
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Figure 3.22: Fluctuation magnitude of the 500 ppm fluid in a 500 µm channel at
applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa respectively.
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Figure 3.23: Fluctuation magnitude of a 1,000 ppm fluid in a 500 µm channel at
applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 30 kPa and (D) 80 kPa respectively.
Figure 3.24 shows the maximum I of the Newtonian, 500 ppm and 1,000 ppm
CTAC solutions at 25, 50 and 75 % depths from the bottom channel wall within
the 500 µm channel for an applied pressure of 2.5 kPa. Negligible I was recorded
for the Newtonian case. The 500 and 1,000 ppm cases showed an increased I
bias towards the shallower depths (25% and 75%) compared to the mid-plane
section, showing that fluctuations occur throughout the depth upon approaching
the second bend within the channel. Although the critical De (≈ 210) was
not reached for any solution at this applied pressure, the fluctuations indicate
unsteady flow for the CTAC solutions, suggesting that elastic turbulence due to
the contraction of micelles occurred at low applied pressures. This apparently
turbulent behaviour of the viscoelastic fluids would result in higher convective
heat transfer and thus larger Nusselt numbers for heat transfer enhancement.
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The flow-type and divergence measurements that contribute to this behaviour








Figure 3.24: Fluctuation magnitude of the (A) – (C) Newtonian, (D) – (F) 500
ppm and (G) – (I) 1,000 ppm solutions respectively for an applied pressure of 2.5
kPa in a 500 µm channel at the depths indicated.
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3.2.4 Flow-type parameter
The flow-type parameter discerns, on a scale of -1 < ξ < 1, if fluid flow is
extensional (=1), shear-dominated (=0) or acting as a rigid body rotation (=-1)
(Zilz et al. (2012)). Figure 2.20 in Section 2.5.2.2 shows the flow-type results
of a simulation of Newtonian creeping flow in a serpentine channel (aspect
ratio = 1.25) (Zilz et al. (2012)) where the flow is predominantly dominated
by shear, with the exception of narrow, symmetrical sections of rotational and
extensional flow along the centreline due to lower rates of deformation (pure
shear occurs at ξ = 0). The Newtonian flow-type parameter obtained from
the 500 µm channel for this thesis at pressures of 2.5 and 5 kPa were similar
to Zilz et al., as evident from Figure 3.25. The flow is shear-dominated at
the lower pressures, with proportional regions of extension and rotation along
the centreline of the serpentine bends. At an applied pressure of 30 kPa, the
flow is extension dominated upon encountering the second bend of the channel,
but the deformations are low and do not contribute to significant mixing as the
flow is stretched along the streamlines, suppressing spanwise fluctuations. The
maximum I for the flow at higher pressures occurred along the section highlighted
in Figure 3.25(D) for the 80 kPa case, where a narrow region of normal shear
is encompassed by completely extensional flow. This indicates that rigid body
rotation is not the only mechanism through which instabilities are generated,
because a sharp contrast or sudden change between shear and extension enhances
fluctuation magnitudes in laminar flows.
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Figure 3.25: Flow-type of Newtonian flow in a 500 µm channel for the applied
pressures of (A) 2.5 kPa, (b) 5 kPa, (c) 30 kPa and (D) 80 kPa respectively.
Figures 3.26 and 3.27 show the flow-type parameter of the 500 ppm and
1,000 ppm solutions respectively for applied pressures of 2.5, 5, 30 and 80
kPa. For lower pressures, both solutions exhibit extensive symmetrical regions
of rigid body rotation along the serpentine bend where the plug-like velocity
was noted, bordered by narrower sections of extensional flow. These regions
of transition between rotation and extension contribute to unsteady streamwise
and spanwise flows, which are the source of the maximum fluctuations described
in Section 3.2.3. At 2.5 kPa, the Reynolds numbers are considered vanishingly
small (0.29 and 0.11 for the 500 and 1,000ppm solutions respectively), generally
leading to elastic turbulence, which is caused by molecule stretching (Groisman
and Steinberg (2000)). The 500 ppm solution transitions to elongated regions of
extensional flow (0.2 ≤ ξ ≤ 1) after the first bend at 30 kPa, compared to the
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protracted region noted in the Newtonian counterpart. The 1,000 ppm solution at
the same pressure (Figure 3.27(C)) encounters slightly broader extensional flow
than is apparent at (B) 5 kPa, but remains generally symmetrical throughout
the channel. This flow-type contributes to a higher I compared to the 500
ppm solution, indicating that the interface of rigid body rotation and extension
provides enhanced streamwise fluctuations compared to pure extension or shear.
At 80 kPa, both flows are similar to the Newtonian case where the solutions are
predominantly extension dominated from the second bend towards the outlet.
This results in negligible I for both solutions compared to the Newtonian























Figure 3.26: Flow-type of a 500 ppm solution in a 500 µm channel for the applied
pressures of (A) 2.5 kPa, (b) 5 kPa, (c) 30 kPa and (D) 80 kPa respectively.
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Figure 3.27: Flow-type of a 1,000 ppm solution in a 500 µm channel for the
applied pressures of (A) 2.5 kPa, (b) 5 kPa, (c) 30 kPa and (D) 80 kPa respectively.
Figure 3.28 shows the flow-type parameter of the three solutions at the depths
indicated for an applied pressure of 2.5 kPa. The Newtonian flow-type has
narrow symmetric extension and rotation behaviours throughout due to the small
deformations, indicating that the flow is homogeneous. The 500 and 1,000 ppm
solutions incur higher rates of rigid body rotation throughout (-1 ≤ ξ ≤ 0),
with narrower bordering regions of full extension (ξ = 1). This pattern occurred
throughout the depth of the channel, indicating that the flow is stable out-of-
plane throughout. Thus, the flow is only unsteady in the stream and spanwise
directions at low applied pressures, contributing to the maximum fluctuation
intensities.
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Figure 3.28: Flow-type parameter at 25, 50 and 75% depths for (A) – (C)
Newtonian, (D) – (F) 500 ppm and (G) – (I) 1,000 ppm CTAC/NaSal solutions in
a 500 µm channel for an applied pressure of 2.5 kPa.
In summary, the flow-type parameter results show that at low pressure drops
(2.5 – 5 kPa), the Newtonian flow exhibits symmetrical behaviour with equal areas
of extension and rotational flow. At 80 kPa, where the maximum fluctuation
magnitude was noted, a region of shear is encompassed by pure extensional
flow, indicating this interaction between the phases could have contributed
to the increased fluctuations recorded for DI water. For both CTAC/NaSal
concentrations, low pressure flows are dominated by large regions of rigid body
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rotations. The interface between this flow regime and the narrow extensional
region contributed to maximum fluctuation magnitudes recorded at 2.5 kPa. As
the applied pressures increase, the flow transitions from small regions of shear
to purely extensional flow dominating the channel after the flow encounters the
bend, limiting stream and spanwise instabilities and thus damping the fluctuation
magnitudes measured. Correlation coefficients for all three solutions, to determine
the extent of homogeneous flow and structures within the fluids, are discussed in
the following section.
3.3 Correlation Coefficients
The Pearson correlation coefficient (rp) is used to determine the extent of the
linear correlation between two variables (Patten and Newhart (2017), described
in Section 2.5.2.2). This coefficient has been used by other authors, including
its application to determine the difference in CFD models of flow patterns of
functional and obstructed airways (Sul et al. (2014)), and the comparison of PIV
data recorded via an ultrasound system with that acquired via stereo optical PIV
(Westerdale et al. (2011)). A point of reference (rp = 1) is chosen, against which
the time series data at surrounding points are correlated. In this thesis, the vector
at the midpoint of the channel section within each field of view (FOV) was selected
as the point of reference to which each other point within that FOV was correlated
against. A black line (as shown in Figure 3.29) represents rp = 0.3, which indicates
the boundary below which flow is considered uncorrelated. The values of rp
range from -1 to 1, with -1 indicative of highly negative correlation (Patten and
Newhart (2017)). As previously described in Section 2.5.2.2, a rotation matrix
was used to orientate the conventional x,y co-ordinate system to normal (Vn)
and tangential (Vt) components, such that the mean velocity is aligned with the
tangential velocity component. Correlations of the velocities tangential (Vt) and
normal (Vn) to the Newtonian flow through the 500 µm channel for pressure drops
of 2.5 and 80 kPa are shown in Figures 3.29 and 3.30 respectively. Vn is completely
uncorrelated throughout as spanwise fluctuations are minimal, thus the variation
in velocity is less than random measurement noise. Vt is generally well correlated
tangential to the streamlines at 2.5 kPa, particularly along the entrance of the
105
3. RESULTS & DISCUSSION
channel. This is indicative of very laminar, coherent flow. Regions of moderately
correlated tangential flows are evident along the entrance the channel at 80 kPa,
indicating a level of coherency for the flow. Negative correlation is apparent at
the first bend of the channel, where the flow appears tilted, similar to the motion
described by the streamlines of Figure 3.9 (D). A weak negative correlation is
noted at the first bend, which could be indicative of an induced secondary flow
upstream of the onset of Dean flow within the channel at this applied pressure.
Some weak correlation is also noted after the second bend, indicating that flow is
straightening and is moving towards the centre of the channel once again, which






























Figure 3.29: (A) Vt and (B)Vn correlations of Newtonian flow in the 500 µm
































Figure 3.30: (A) Vt and (B) Vn correlations of Newtonian flow in the 500 µm
channel at 80 kPa.
Figures 3.31 and 3.32 show the correlation coefficients for the 500 ppm and
1,000 ppm CTAC solutions at 2.5 kPa respectively (all Vt and Vn correlations of
the inter-mediate pressures recorded for all fluids within the 500 µm channel are
available in Appendix F). Vt (subfigure (A) of both figures) of both fluids is highly
correlated (rp ≈ 1) throughout compared to the Newtonian solution, induced by
the higher viscosity plug-like flow. Although the largest fluctuation intensity
is observed at this pressure for both viscoelastic solutions, the correlations for
both normal and tangential components indicates that coherent motion of the
flow is present at low pressures. Vn has regions of highly correlated flow at the
centre of the channel, with one significant area of negatively correlated flow (rp
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≈ -0.6 compared to rp ≈ of 1) immediately after the second serpentine bend.
This negatively correlated region highlights the deflection of flow off of the outer
wall of this section after overshooting the second bend. This sudden change in
correlation could inform the flow instabilities upstream of the bend, resulting
in buckling motion that induces the fluctuations at the centre of the channel
recorded for both solutions. Results for higher applied pressures are not shown
for the CTAC fluids as Vt and Vn of both solutions appear completely uncorrelated
and unrelated to the negligible fluctuation magnitudes recorded. The divergence































Figure 3.31: (A) Vt and (B)Vn of the 500 ppm CTAC solution in the 500 µm

































Figure 3.32: (A) Vt and (B)Vn of the 1,000 ppm CTAC solution in the 500 µm
channel at 2.5 kPa (Re = 0.11, De = 0.06).
3.4 Divergence
Divergence details the amount of flow entering or exiting a 2D flow field (Mitchell
Ferguson et al. (2015), calculated using Equation 2.22 in Section 2.5.2.2), in order
to satisfy continuity in 3D. Although divergence captures the movement of fluid
in and out of plane, it does not indicate which direction the flow is a source or
sink from. The divergence throughout the various depths for the 2.5 kPa case
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of Newtonian, 500 ppm and 1,000 ppm solution flows in the 500 µm channel
are shown in Figures 3.33, 3.34 and 3.35 respectively, with the flow direction
from left to right. Large regions of the divergence along the entrance and exit
sections of the channel for all three depths is approximately zero, indicating
there was no flow entering or leaving the plane in these areas for all three
solutions. Caution is needed with regards to the values close to the walls of
the channel, due to erroneous vector data that may occur along these regions.
The maximum divergence of all the fluids occurred within the Newtonian flow at
the centre of the channel, yet overall the values are quite negligible (maximum
divergence ≈ 200/s in the centre plane along the second bend). The CTAC
solutions incur minimal out-of-plane movement (maximum divergence of 60/s
and 40/s recorded for 500 and 1,000 ppm solutions respectively), indicating
that the fluctuation magnitudes recorded at this applied pressure are due to
the spanwise and streamwise instabilities which cause elastic turbulence instead




















Figure 3.33: Divergence of the Newtonian fluid at 25%, 50% and 75% depths in























Figure 3.34: Divergence of the 500 ppm solution at 25%, 50% and 75% depths

















Figure 3.35: Divergence of the 1,000 ppm solution at 25%, 50% and 75% depths
in a 500 µm channel for an applied pressure of 2.5 kPa.
Figure 3.36 shows the divergence of the Newtonian flow at 80 kPa. The
maximum fluctuation magnitude is ≈ 12% along the secondary bend where
the divergence is ≈ 5,000/s. As the critical De was surpassed, secondary
flows were present along the second bend and exit of the channel due to the
divergence varying from -20,000 to 23,000/s. This indicates that out-of-plane
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motion dominates the flow at higher pressures due to increased inertial forces.
It is clear from the polar divergence values downstream (two independent fluid
directions are apparent, one averaging at 25,000/s, the other at -22,000/s) of the
bend that counter-rotating vortices are present. This indicates steady mixing, and
the out-of-plane motion would increase the convection required for enhanced heat
removal of photonic devices. This secondary flow exists at a considerably higher
pressure than the 2D fluctuation magnitudes occurrence for both CTAC/NaSal
solutions (2.5 kPa). It would be difficult to generate and sustain this pressure
drop for the limited 3D movement for a Newtonian fluid due to microfluidic pump





















Figure 3.36: Divergence of Newtonian flow in a 500 µm channel for applied
pressures of 80 kPa.
Figure 3.37 shows the divergence of the 500 ppm solution for an applied
pressure of 80 kPa. The out-of-plane movement is similar in behaviour to the
Newtonian solution seen in 3.36. Although this is indicative of Dean flow even
though the critical De is not reached (De = 19.1 based on zero-shear viscosity),
the rate of out-of-plane motion is much lower than its Newtonian counterpart
(≈ -10,000 to 15,000/s). In contrast to the streamwise and spanwise fluctuations
which contributed to the increased turbulent-like behaviour at vanishingly lowRe,
a steady out-of-plane rotational flow of the fluid is present at higher pressures.




















Figure 3.37: Divergence of the 500 ppm CTAC flow in a 500 µm channel for an
applied pressure of 80 kPa.
Figures 3.38 and 3.39 and show the divergence of the 1,000 ppm solution at
applied pressures 30 and 80 kPa respectively. Similar to the 500 ppm solution, the
critical De based on Newtonian flow in such an aspect ratio is not reached (De
= 1.56 and 7.05), yet the flow exhibits secondary flow behaviour, suggesting that
Dean vortices are evident. There is an indication of counter-rotations present
at 30 kPa, due to the maximum and minimum divergence occurring at opposite
sides of the centre of the channel. The divergence increases with higher pressures,
with the maximum motion recorded along the exit of the channel, with negative
motion (divergence = -10,000/s) encompassed by positive divergence (≈ 5,000/s).
This suggests out-of-plane rotational behaviour. However, this increased motion
does not enhance the fluctuation magnitudes recorded for the centre-plane of the
channel (Figure 3.23(C) and (D)). This steady 3D mixing is in contrast with the
in-plane fluctuations at lower pressures. As motion increases and the flow-type
parameter (Figure 3.27) indicates pure extension in this region of the channel,
the micelles may undergo scission and cannot further influence the flow.
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Figure 3.38: Divergence of the 1,000 ppm CTAC flow in a 500 µm channel for














Figure 3.39: Divergence of the 1,000 ppm CTAC flow in a 500 µm channel for
an applied pressure of 80 kPa.
Figure 3.40 shows the peak divergence normalised by the shear rate
corresponding with the applied pressure of the respective fluids (based on zero-
shear viscosities) as a function of Re for the Newtonian, 500 and 1,000 ppm
solutions. This parameter is a ratio of the out-of-plane motion to the rate of
change of velocity of the fluids, indicating the overall motion of the fluid for
their respective Re. This value also gives an indication of the pumping pressure
required to generate such motion. The Newtonian flow incurs the lowest motion
relative to the velocity gradient, thus showing that the dynamics of such flows are
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relatively stable regardless of increasing pressures. The 1,000 ppm solution incurs
the maximum motion at Re = 18.16 (div / γ̇ = 3), with the maximum 500 ppm
motion occurring at Re = 29.5. For the 1,000 ppm solution, the lowest out-of-
plane motion occurs at the lowest Re, but incurs the highest in-plane fluctuations
at this Reynolds number. This indicates that the spanwise oscillations causes
the instabilities leading to the fluctuations recorded. For similar Re (>10), an
increase in the steady secondary flow is apparent due to the increase in motion
of both the 500 and 1,000 ppm CTAC solutions. It is considerably easier to
drive the steady secondary flow for viscoelastic solutions at a much lower shear
rate than their Newtonian counterpart incurred. For the DI water case, a small
motion of ≈ 0.2 for Re > 400 was recorded, suggesting that considerable shear
is required to generate such a peak compared to that the CTAC fluids. This
increased motion for lower pumping penalties demonstrates the enhancements
provided by viscoelastic fluids for the purpose of mixing and enhanced cooling in
microchannels compared to Newtonian flow. The qualitative birefringence results
for the CTAC/NaSal solutions are discussed in the following section.
















Figure 3.40: Divergence normalised by shear rate as a function of Re for the
three solutions within the 500 µm channel.
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3.5 Birefringence
Birefringence measurements offer an optical view of viscoelastic fluid anisotropy,
which represents the stress fields induced by the fluid flow (Li Sun and
Huang (2016)). As the stress-optical coefficient required to convert the colour
changes observed into a known first order stress is unknown for this work, the
measurements recorded are purely qualitative in nature. This data provides
knowledge of the stress patterns within the fluids, which can be indicative of
polymer conformation and can complement µPIV measurements which measure
strain, thus allowing for the calculation of stress. For fluids where this coefficient
is known, Appendix D details how the Weissenberg number could be obtained
optically in a novel manner.
Figures 3.41 shows the birefringence measurements of the 500 ppm solution
in the 250 µm deep channel for the pressures indicated. The shallower 250 µm
channel incurs higher shear rates through the depth of the field compared to
the 500 µm channel. As the shear increases with the applied pressure, brighter
image intensity is exhibited by the fluid. The birefringence measurements are
indicative the condition of the wormlike micelles which act as a polarizer when
stretched. The bright sections correspond with the elongation of the micelles
with increasing shear along the entrance and exit of the channel, with the colour
change increasing in intensity from 40 through to 60 kPa. As the brightness does
not increase further at the highest pressures of 80 and 100 kPa, it is postulated
that the micelles were fully extended along the inlet and outlet of the channel.
The extension of the flow at the outlet correlates with the elongation apparent
from the flow-type parameter for 80 and 100 kPa shown for the solution in Figure
G.10, along with the faster regions of flow (where high shear occurs) as shown in
Figure 3.42. At the lowest pressure of 2.5 kPa, a darker region within the centre of
the channel indicates that the micelles are not stretched, demonstrating a transfer
of stored elastic energy to the flow, resulting in elastic turbulence for this pressure.
As pressure scales with shear rate, the birefringence images qualitatively indicate
the Weissenberg number (λrγ̇), which could be fully characterised if the stress-
optical coefficient is known. Similar patterns are observed for the 1,000 ppm
solution flow, as shown in Figure 3.43.
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Figure 3.41: Birefringence images for 500 ppm CTAC/NaSal flow in a 250 µm
channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa,
(E) 20 kPa, (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80 kPa and (K)
100 kPa respectively.
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Figure 3.42: Velocity magnitude and birefringence measurement of the 500 ppm
flow through the 250 µm channel for an applied pressure of 80 kPa. The brightness
of the elongated micelles correlates with highest velocities (where high shear rates
occur) observed in the channel.
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Figure 3.43: Birefringence images for 1,000 ppm CTAC/NaSal flow in a 250 µm
channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa,
(E) 20 kPa, (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80 kPa and (K)
100 kPa respectively.
Figures 3.44 and 3.45 show the birefringence of the 500 and 1,000 ppm
solutions respectively in the 500 µm deep channel for the applied pressures
indicated. For the 2.5 kPa case for both solutions, the fluctuation magnitude
observed at the centre of the channel coincides with darker birefringence regions,
indicating that the CTAC solution is not stretched when the instabilities observed
with µPIV occurs. The brighter sections of the flow indicate that the micellar
extension aligns with the higher velocity sections within the channel from 40 kPa
upwards, particularly after the second bend for the 1,000 ppm case. Scission
may also occur at the high pressures due to increased shear. Overall, lower
Deborah numbers (λr
t
) would be associated with slower velocities due to the
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higher residence time of the flow in the channel. As elastic turbulence occurs
at very low velocities (Burghelea et al. (2004)) (in this case, 0.01 – 0.024 m/s)
and thus lower Deborah numbers, the fluid relaxation time (≈ 0.79 s for the
1,000 ppm solution as calculated from the Carreau model-fit) would allow the
WLM solutions the ability to relax and recoil within the centre of the channel,
perturbing the flow and enhancing the fluctuation magnitude of the flow. The
Deborah number for this flow would typically be < 1, indicating the flow is
very fluid-like. With increased pressure drop, the time taken for the fluid to
traverse the channel decreases significantly, leading to larger Deborah numbers.
The time scale of the fluid (length of time taken to traverse the serpentine channel)
means the CTAC is prevented from relaxing and recoiling. With increased shear,
the elastic component of the flow appears suppressed and does not allow for
fluctuations to occur in-plane, resulting in inertial flow with elongated micelle
regions. These birefringence measurements are useful in the contextualisation of






Figure 3.44: Birefringence images for 500 ppm CTAC flow in a 500 µm deep
channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa,
(E) 20 kPa, (F) 50 kPa, (G) 60 kPa, (H) 80 kPa and (I) 90 kPa respectively.
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Figure 3.45: Birefringence images for 1,000 ppm CTAC flow in a 500 µm channel
for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa, (E) 20
kPa, (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80 kPa, (K) 90 kPa and
(L) 100 kPa respectively.
3.6 Closure
This chapter presented the hydrodynamic characterisation of Newtonian flow in
channel configurations including micro-gaps and obstructed geometries, and of
Newtonian and 100 ppm PAAm solution in the channel containing cylindrical
posts. The flow behaviours of Newtonian, 500 and 1,000 ppm CTAC/NaSal
solutions in serpentine channels of two aspect ratios were all detailed for applied
pressures of 2.5 – 100 kPa. The following points of conclusion have been drawn:
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 The lowest pressure drop penalties associated with the Newtonian flow
within the various configurations occurred across the micro-gap channel. In
channels containing cylindrical posts, flow instabilities within the 100 ppm
PAAm solution occurred upstream of the posts, in contrast to the eddies
recorded downstream for the Newtonian flow. The maximum fluctuation
magnitude (38%) of the 100 ppm PAAm solution within the channel
containing posts occurred at 150 kPa. For the same pressure, a negligible
fluctuation magnitude of 7% was recorded for the Newtonian counterpart.
This peak is followed by a significant decay with increasing pressure due to
inertial effects within the solution.
 The CTAC/NaSal solutions were tested in serpentine channels of two
depths: 250 µm and 500 µm. The flow rate (mL/min) as a function
of pressure drop showed pressure drop penalties of 30% to 39% for the
1,000 ppm CTAC/NaSal solution compared to the Newtonian fluid for the
highest flow rates for the 250 µm and 500 µm channel depths respectively.
The velocity magnitudes revealed that no eddies or recirculation occurring
throughout the channel, with generally symmetrical parabolic flow recorded
for the Newtonian solution at lower pressures.
 Maximum fluctuation magnitudes of the 500 ppm and 1,000 ppm solutions
in 500 µm channel were 50% and 41% respectively at the lowest pressure
of 2.5 kPa, occurring in the centre of the channel, compared to 3% for the
Newtonian solution at the same pressures.
 The interface between the extensional and shear flow-types (ξ) contributed
to the increased fluctuation magnitude (I) for the Newtonian flow at an
applied pressure of 80 kPa, with the maximum occurring due to the rigid
body rotation at lower pressures for both CTAC concentrations. Coherent
motion of the flow was noted for both 500 and 1,000 ppm solutions at
2.5 kPa, as indicated by the correlation coefficient maps. A region of
negative correlation after the second bend within the channel for both
CTAC solutions suggests that the flow overshoots the bend and is bouncing
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or deflecting off of the outer wall of the channel at this location before
aligning with the channel afterwards.
 Divergence plots indicate that counter-rotating flow exists at the centre of
the channel at pressures as low as 30 kPa for the 1,000 ppm solution due to
positive and negative divergence values occurring at opposite sides of the
channel. This suggests out-of-plane rotational behaviour, or 3D mixing,
for the viscoelastic flow, in contrast with the in-plane fluctuations at lower
pressures. With increased motion pure extension at higher pressures within
the channel, the WLM solutions may undergo scission and thus cannot
further influence the flow. Divergence as a function of flow rate showed
considerably high shear and thus high pumping penalties are required to
generate out-of-plane motion peaks for a Newtonian flow compared to the
viscoelastic counterparts. Spanwise fluctuations and out-of-plane movement
for both the 500 and 1,000 ppm solutions could contribute to higher levels
of mixing within microchannels for a lower pressure drop penalty than
Newtonian flow. This illustrates that steady rotational viscoelastic fluid
flow at low Re could be utilised for heat transfer enhancement purposes.
 Qualitative birefringence images show brighter regions where the micelles
are elongated along the entrance and exit of the channel at high pressures
(80 and 100 kPa) due to increased shear, complementing the flow-type
parameter data for these locations showing extension for both CTAC
solutions. Darker areas for low pressures at the centre of the channel
indicate that the micelles are not stretched, and elastic turbulence may
occur at these locations. As the Deborah number increases across the
pressure range due to minuscule resident times of the fluid within the
channel, fluctuations are suppressed and thus do not perturb the in-plane
flow at higher pressures.
The following chapter will present the conclusions from this thesis into the
flow behaviour of the Newtonian and non-Newtonian flows, and the possible
implications for augmented heat transfer as a result of the hydrodynamic





The fluid dynamics of Newtonian and viscoelastic fluids in various microchannel
configurations were investigated in this thesis, within the context of photonics
cooling applications. The flow behaviours of DI water and 100 ppm PAAm
in a channel containing an array of circular posts were initially characterised.
Additionally, DI water and self-healing WLM solutions (500 ppm and 1,000 ppm
CTAC/NaSal) were hydrodynamically and optically characterised, via pressure-
flow, µPIV and birefringence measurements, in serpentine channels of two aspect
ratios, for applied pressures of 2.5 – 100 kPa. The main conclusions of this work
are presented in this chapter, followed by recommendations for future work.
4.1 Conclusions
The major conclusions of the investigation into the flow behaviour of various
fluids in the channel geometries are as follows:
TIPS geometries:
 The benchmark micro-gap channel of the TIPS chips (geometries of which
included an array of rectangular channels, a serpentine geometry and,
channel containing five cylindrical posts and a channel obstructed by




for DI water flows, with 56.9 kPa recorded at a maximum flow rate of
10 mL/min. The deviation from hydrodynamic theory of the micro-gap
pressure drop at the maximum flow rate was 8.7%. The maximum pressure
drop of 104.6 kPa for 10 mL/min occurred across the multiple rectangular
channel array, which is generally the configuration used in conventional heat
exchangers. The serpentine channels and those obstructed by triangular or
cylindrical posts recorded intermediate pressure values compared to the
aforementioned geometries at 10 mL/min.
 In the microchannel containing an array of five circular pillars, the flow of
DI water was analysed downstream of the obstructions, while the flow of 100
ppm PAAm was investigated upstream via µPIV measurements for applied
pressures of 50 – 330 kPa. A peak in the fluctuation magnitude I, of the
viscoelastic solution (38%) occurred at 150 kPa, followed by a significant
decay due to the inertial effects. A negligible fluctuation magnitude was
recorded for the Newtonian flow across the pressures applied (maximum I
≈ 7%), indicating that no mixing occurred downstream of the posts.
Serpentine channels:
 The flow rate (mL/min) as a function of pressure drop showed pressure
drop penalties of 30% to 39% for the 1,000 ppm CTAC/NaSal solution
compared to the Newtonian fluid for the highest flow rates within the 250
µm and 500 µm serpentine channel depths, respectively. Similarly, the 500
ppm solution incurred penalties of 18% and 29% respectively compared
to the DI water flow. The Newtonian flow through both channel heights
showed no spanwise or streamwise fluctuations across all pressures applied.
A symmetrical parabolic velocity flow profile was recorded for DI water
flow at 2.5 kPa, which is indicative of the expected laminar flow regime.
In contrast, for both WLM solutions, the flow streamlines travelling along
the inner side of the channel upon approaching the serpentine bend flowed
towards the outer side of the channel around the first section of the curve.
This flow then travelled again towards the inner wall once the change in the
curve of the bend was encountered. This sweeping motion resulted in non-
symmetrical flow profiles and thus instabilities for the viscoelastic solutions,
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in contrast to the stable flow of DI water at similarly low pressures (2.5 –
10 kPa).
 Maximum fluctuation magnitudes for the 500 ppm and 1,000 ppm
CTAC/NaSal solutions in the 500 µm channel were 50% and 41%
respectively at the lowest pressure of 2.5 kPa, occurring in the centre of the
channel, compared to 3% for the Newtonian solution at the same pressures.
Similarly, in the 250 µm channel, the maximum fluctuation magnitudes for
both solutions were 24% and and 22.5% respectively, with a benchmark of
2% recorded for the Newtonian flow at the same pressure. At the maximum
applied pressure, the Newtonian flow fluctuation magnitudes in the 500 µm
and 250 µm channels were 12% and 14% respectively. This motion was
still significantly lower than that recorded for the CTAC/NaSal solutions,
for lower flow rates. It is postulated that these WLM solutions could
enhance heat transfer of a representative photonic device for lower pumping
penalties, compared to Newtonian flow which would require higher flow
rates for less substantial fluid motion intensity.
 The flow-type parameter results showed that Newtonian flow is symmetrical
in the spanwise direction for pressures≤ 10 kPa, and is extension dominated
upon exiting the serpentine bends at applied pressures > 30 kPa in the 500
µm channel depth, suppressing streamwise and spanwise fluctuations. The
interface between a narrow region of shear flow encompassed by purely
extensional flow along the exit of the second bend of the channel occurred
at 80 kPa, which corresponded to the location of the maximum fluctuation
magnitude recorded for the Newtonian fluid. Both CTAC/NaSal solutions
exhibited extensive asymmetrical regions of rigid body rotation, bordered
by narrower sections of extensional flow for pressures up to 10 kPa. These
regions of transition between rotation and extension contribute to unsteady
streamwise and spanwise flows, and correspond with the areas where the
maximum fluctuation magnitudes were recorded for both fluids.
 The flow of all three fluids were highly correlated tangentially upstream




component of the CTAC solutions appears highly correlated throughout at
an applied pressure of 2.5 kPa, suggesting that plug-like flow is present and
the motion is coherent throughout. An area of highly negative correlation of
the 500 and 1,000 ppm solutions upon exiting the second bend was observed
at a pressure of 2.5 kPa, suggesting that the fluid is deflecting off of the
outer wall after exiting the serpentine section of the channel.
 Maximum divergence varying from -20,000 to 23,000/s occurred within the
Newtonian flow at 80 kPa, indicating that out-of-plane motion causing
unsteady mixing dominated the flow at higher pressures due to increased
inertial forces. Divergence values of ≈ -10,000 – 15,000/s for the 500 ppm
solution, and -10,000 – 5,000/s for the 1,000 ppm fluid, were recorded for the
same applied pressure, exhibiting secondary flow behaviours, indicative of
Dean vortices even though the critical Dean number was not reached. This
steady 3D rotational flow is in contrast with the in-plane fluctuations at
lower pressures, suggesting that the micellar solution flow would provide
enhanced convective heat transfer due to both mechanisms (divergence
and elastic turbulence leading to increased fluctuation magnitudes) for a
range of lower Reynolds numbers than the Newtonian counterpart. As
motion increased and the flow-type parameter indicated pure extension in
this region of the channel, it is postulated that the micelles could undergo
scission and would not recover quickly to form elongated micelles due to
the structures stretching with increasing shear rate. Divergence normalised
by shear rate indicates significantly larger pumping penalties are incurred
for Newtonian flows to generate a lower level of out-of-plane fluctuations
for higher Reynolds numbers, in contrast to both the 500 and 1,000 ppm
CTAC solutions.
 Qualitative birefringence measurements indicated darker regions within the
channel of the CTAC/NaSal solutions at 2.5 kPa correlated with areas
of maximum fluctuation magnitudes. A brighter section of the channel
was indicative of the elongation of micelles at higher pressures as they
are stretched along the streamlines of the entrance and exit sections of
the channel. Such shear alignment would allow the first normal stress
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difference of the flow to be calculated and thus the Weissenberg number,
if the stress-optical coefficient of the viscoelastic fluids was known. The
elastic component of the WLM fluids was suppressed with increasing shear
and interia within the channel, and as a result the fluid was not perturbed at
higher pressure drops as the time-scale relating to the fluid flow through the
channel would have been quite small, leading to larger Deborah numbers.
At the highest pressures of 100 kPa, scission may have occurred due to
the increased velocities and shear experienced by the 500 and 1,000 ppm
solutions. Enhanced mixing occurred at the lower pressures due to the lower
speeds allowing the micelles to recoil and relax, resulting in fluctuations and
instabilities at the centre of the channel.
4.2 Recommendations
 The inlet and outlet channels connected to the plenums of the main channel
configurations within the TIPS geometries accounted for a significant
portion of the overall pressure drop across the chips. Reducing the length
of these channel sections, or placing pressure ports within the plenums
either side of the channel of interest, would reduce the auxiliary pressure
drops within the system. Such enhancements would increase the accuracy
of both the experimental and theoretical hydrodynamic characterisation of
these channels, as the channel of interest would dominate the pressure drop
recorded.
 Thermal characterisation of the viscoelastic solutions in these serpentine
channels could be undertaken to quantify the heat transfer enhancement
acquired through the mixing of these WLM solutions in serpentine channels.
The heaters on the silicon wafer could be positioned over the areas where
larger fluctuation magnitudes were identified, to remove as much heat as
possible from a representative photonic device. Nusselt number data could
determine if the WLM solutions provide higher rates of convective heat





 Birefringence measurements for this work were qualitative due to the
absence of stress-optical coefficient data. Future work could examine
birefringence of viscoelastic solutions with a known stress-optical coefficient,
which would give values for the first normal stress difference of such fluids.
This parameter, calculated from equations and Michel-Lévy chart relations,
could be used to determine the Weissenberg number optically in a novel
manner instead of using the relaxation time of a fluid, as is currently
reported in the literature.
 There are limitations associated with the data acquired using the circular
polariscope created for this work. As an alternative to this experimental
rig, commercial birefringence imaging equipment could be used to further
accurately determine birefringence, intensity and other parameters, such as
retardation, for a more accurate measurement of the birefringent signal of
viscoelastic flows.
 The use of a rheometer with a higher torque limitation would allow a larger
range of viscosities as functions of shear rates to be measured. An accurate
value of the viscosity at higher shear rates could be used to calculate
parameters such as the Reynolds number more accurately at a local level,
instead of using the zero-shear viscosity throughout. A high specification
rheometer would also quantify the storage and loss moduli, which could be
used to determine the actual relaxation time of the solutions of interest.
 The behaviour of WLM solutions at various depths within the two
serpentine channels for this work were measured only for the 2.5 kPa case,
where the maximum fluctuation magnitude was observed. Measurements of
the fluid velocities at 25%, 50% and 75% depths within the channel for each
applied pressure should be considered for future work. Although memory
intensive, such data would provide a further understanding of the solutions’
behaviour as 3D structures, such as the onset and occurrence of Dean flow
vortices and their magnitudes at increasing Reynolds numbers.
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Delly, J. (2003), ‘The Michel-Lévy interference color chart ––
microscopy’s magical color key’, https://www.mccrone.com/mm/
the-michel-levy-interference-color-chart-microscopys-magical-color-key/.
Accessed: 2019-04-02.
Deng, D., Wan, W., Tang, Y., Wan, Z. and Liang, D. (2015), ‘Experimental
investigations on flow boiling performance of reentrant and rectangular
microchannels – a comparative study’, International Journal of Heat and Mass
Transfer 82, 435 – 446.
Di Carlo, D. (2009), ‘Inertial microfluidics’, Lab on a Chip 9, 3038–3046.
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Orabona, E., Caliò, A., Rendina, I., De Stefano, L. and Medugno, M. (2013),
‘Photomasks fabrication based on optical reduction for microfluidic applications’,
Micromachines 4(2), 206–214.
Pan, L., Morozov, A., Wagner, C. and Arratia, P. E. (2013), ‘Nonlinear Elastic
Instability in Channel Flows at Low Reynolds Numbers’, Physical Review Letters
110(17), 1–5.
Patten, M. and Newhart, M. (2017), Understanding Research Methods: An Overview
of the Essentials, Taylor & Francis.
135
REFERENCES
Poole, R. (2012), ‘The Deborah and Weissenberg numbers’, Rheology Bulletin
53(2), 32–39.
Poole, R., Lindner, A. and Alves, M. (2013), ‘Viscoelastic secondary flows in serpentine
channels’, Journal of Non-Newtonian Fluid Mechanics 201, 10–16.
Qin, B. and Arratia, P. E. (2017), ‘Characterizing elastic turbulence in channel flows
at low Reynolds number’, Physical Review Fluids 2(8), 1–14.
Renfer, A., Tiwari, M. K., Tiwari, R., Alfieri, F., Brunschwiler, T., Michel, B. and
Poulikakos, D. (2013), ‘Microvortex-enhanced heat transfer in 3D-integrated liquid
cooling of electronic chip stacks’, International Journal of Heat and Mass Transfer
65, 33–43.
Rennels, D. and Hudson, H. (2012), Pipe Flow: A Practical and Comprehensive Guide,
Wiley.
Rho, T., Park, J., Kim, C., Yoon, H.-K. and Suh, H.-S. (1996), ‘Degradation of
polyacrylamide in dilute solution’, Polymer Degradation and Stability 51(3), 287
– 293.
Sandvine (2018), ‘The Global Internet Phenomena Report’, (October).
Sandvine (2019), ‘The Mobile Internet Phenomena Report’, (February).
Scarano, F. (2001), ‘Iterative image deformation methods in PIV’, Measurement Science
and Technology 13(1), R1–R19.
Schneider, T., Goubergrits, L., Kertzscher, U. and Paschereit, C. (2008), Development
of a New 3D Shear Stress Measurement Technique Using the Birefringence, in
‘Proceedings of the 14th international symposium on applications of laser techniques
to fluid mechanics, Lisbon, Portugal, 07-10 July’.
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The development of microchannels, using the soft lithography technique, is
described in this Appendix. The alternative mask fabrication, using photographic
film and acetate sheets is also discussed.
B.1 Microchannel Fabrication Process
To create the channels, a 5-inch chrome etched glass mask consisting of the desired
channel patterns was fabricated by Delta Mask B.V. A magnified section of the
serpentine channel etched on the mask, located between the two pressure ports,
is shown in Figure B.1.
Figure B.1: Close-up view of the serpentine channel mask.
B-1
Appendix B
Microchannels were fabricated using a soft lithography technique. The
following procedure was adhered to during the fabrication process:
 A silicon wafer (University Wafer, diameter ≈ 101.6 mm) was cleaned with
pressurised air prior to use. The silicon wafer was placed in a recess within
a metal plate.
 A layer of epoxy photoresist called SUEX (either 500 µm or 250
µm, depending on desired height) (DJ Microlaminates 500K and 250K
respectively) was prepared. Hazy and glossy protective sheets cover each
side of the SUEX. Care was taken not to over handle the SUEX as thinner
substrates can crack or also become distorted from the heat. The glossy
cover was removed carefully with a blade and was placed, hazy side up, on
the silicon wafer.
 A laminator (SKY-335R6) was set to 65◦C and the rollers were left on for
a period time prior to use. A speed setting of 1 was applied to the rollers
for both SUEX heights exploited for this work.
 An acetate sheet was used to cover the wafer and SUEX to protect the
SUEX from adhering to the roller surface. A second similarly sized piece
of acetate was placed between the initial acetate sheet and the SUEX, and
was slowly removed as the plate was fed through the laminators’ rollers, to
reduce the number of air bubbles and adhesion of the SUEX to the initial
acetate sheet. The flat-edged side of the wafer was fed through first, to
reduce the risk of the wafer cracking due to the pressure of the applied
roller.
 After leaving the wafer to cool for five minutes, the hazy cover was removed
with a blade.
 The wafer was transferred to the middle of a hot plate (Thorry Pines HS40)
for a post-lamination bake (PLB) at 65◦C for ten minutes in a fume hood.
A Pyrex funnel, slightly wider than the wafer, was placed over the wafer to
reduce the risk of contamination within the fume hood.
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 Alternatively, for a channel height of 200 µm or lower, a small amount of
SU-8 photoresist was pipetted onto the middle of the silicon wafer, which
was centered on a spin-coater (Laurell Technologies, model WS-650MZ-
23NPPB). To coat the wafer, two speed settings were applied on the spin-
coater. A low speed was used for an initial period of 10 seconds to spread
the photoresist across the entire wafer. A higher speed and acceleration,
dependant upon the desired final height, was then utilised for a period of
40 seconds. The wafer was then removed and placed on the hot-plate for
the soft bake. An initial peak of 65◦C was reached for five minutes before
increasing to 95◦C for ten minutes, before finally ramping the hot plate
down at a rate of 5◦C/min to room temperature.
 After the wafer had approximately reached room temperature, it was
removed and placed within the mask aligner (Kloé UV Kub 2, wavelength
= 365 nm and power density = 40 mW/cm2). The etched glass mask was
positioned over the wafer. The intensity was set to 99%. A UV exposure
time was set to 120 seconds and 60 seconds for the SUEX thickness of
500 µm and 250 µm respectively. The channel sections of the mask were
see-through, and the ultraviolet (UV) light exposed to the wafer through
these sections caused cross-linking of the SUEX, thus forming the channel
geometries. The mask was cleaned with acetone, isopropyl alcohol (IPA)
and DI water respectively prior to experimentation, to ensure the channel
sections were completely transparent.
 The wafer was transferred back to the hot plate for a post exposure bake
(PEB), with an initial temperature of 65◦C applied for thirty minutes,
followed by a ramp of 3◦C per minute to a desired temperature of 95◦C,
which was applied for 4 hours. The temperature was finally ramped down
at 10◦C per hour to room temperature.
 The wafer was transferred to a large glass beaker situated on a rocker plate
(Stuart see-saw rocker SSM4) and placed face down in a bath of acetone,
which sufficiently covered the wafer. The oscillation rate was set to 40 per
minute and the wafer was developed for 14 or 21 minutes (for a thickness
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of either 250 µm or 500 µm respectively). After the development time had
elapsed, the wafer was removed, the acetone was replaced and the wafer
was returned to be developed for a further seven minutes.
 The wafer was removed from the acetone developer. It was rinsed with fresh
acetone, IPA and DI water. The wafer was then dried using pressurised air.
 The wafer was placed in a glass dish. Approximately 0.4 ml of tri-methyl-
siloxane (TMCS) was placed around the edge of the glass surrounding the
wafer. The lid was placed on the dish and left for fifteen minutes, to ensure
the wafer surface would become hydrophobic. Once this had elapsed, the
lid was removed and the dish was left for twenty minutes in the fume hood
to ensure any residue of the chemical was evaporated safely, as TMCS is
volatile at room temperature and pressure.
 A silicone elastomer base and a corresponding silicone curing agent (Sylgard
184, supplied by Farnell) were mixed in a ratio of 10:1 to create PDMS. The
mixture was placed in a plastic cup and degassed under a vacuum for ≈
two hours, to ensure any air bubbles present were removed. Once all air
pockets were expelled, the PDMS mixture was poured over the wafer. The
dish was placed in an oven and left to cure at 80◦C for four hours.
 The dish was removed once it had cooled sufficiently (approximately to room
temperature) and the PDMS channels were leveraged away from the wafer
using a blade. The desired channels were cut from the removed PDMS.
Holes of diameter 1.2 mm were punched at the inlet and outlet of the
channel to allow the insertion of 1.6mm OD tubing for testing.
 A corona treater (Electro-technic Products model BD-20V) was used to
treat both the underside of the PDMS and the surface of the glass side to
which it would be bonded. This treatment was applied for approximately 15
seconds on each desired surface. The PDMS channel was then placed upon
the treated glass slide and pressed gently. These channels were placed within
an oven at 80◦C for approximately four hours to aid with the adhesion. The
channels were left at room temperature for approximately two days prior
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to testing. Figure B.2 shows the final master mould of the 500 µm deep
channels with the PDMS visible at the edges of the glass dish.
Figure B.2: Channel mould of the serpentine channels.
B.2 Thicker SUEX Substrate Development
A geometry similar to the silicon TIPS channel was initially fabricated using
the method described in Section B.1 above. However, the 500 µm SUEX
substrate posed several difficulties during fabrication. The singular array of
posts were apparent at the top surface of the SUEX (Figure B.3 (A) and (D)),
but difficulties arose with cross-linking throughout the depth of the SUEX, as is
apparent in Figure B.3 (B),(C),(E) and (F). The posts were apparent at both
the top and the bottom of the SUEX, but were not extending the entire depth in
between. Extended exposure and development times were undertaken to rectify
this problem, but yielded no significant changes. The channels were also prone to
cracking around the posts section for the SUEX heights utilised, as is apparent
in sections between the posts in Figure B.3 (D).
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Figure B.3: (A) to (C) show the same 500 µm depth channel containing posts,
with the outline of the posts visible on the top (A) and (B) and bottom (C) SUEX
surfaces, but the posts did not develop throughout the channel depth. (D) to
(F) depict a second attempted channel fabrication, with the posts outline visible
on the top ((D) and (E)) and bottom wall (F) respectively, but did not develop
throughout. The channel was also prone to cracking around small design features,
as apparent in (D).
The TIPS channel geometry containing multiple parallel rectangular channels
were also difficult to fabricate with the 500K SUEX. The photo-resist waste
B-6
B.3 Alternative Mask Fabrication
situated between the channels remained in position, and often caused the
surrounding channels to bulge outwards, as evident in Figure B.4. The channels
also began to de-laminate from the silicon wafer when they were left for a
significant period of time within the acetone bath.
SUEX waste embedded 
between channels
250 m
Bulging of channels 
due to SUEX waste
Figure B.4: Multiple rectangular channel, where SUEX waste was difficult to
remove and caused bulging of the channels.
B.3 Alternative Mask Fabrication
As photomask fabrication using photographic films has previously been
investigated (Orabona et al. (2013)), a similar approach was initially attempted
for this work, as a cheaper and faster alternative to an etched chrome mask. The
channel geometries were scaled accordingly and printed on A3 sized paper, which
was photographed with a film camera. These negatives, shown in Figure B.5(A),
were attached to the glass wafer and exposed to UV light. However, the negatives
were not completely transparent, and the exposed sections of the channels were




Figure B.5: (A) shows the negative photofilm of the scaled channel; (B) shows
the developed wafer after using the negative photofilm, whereby the channels were
not cross-linked on the photoresist due to the poor transparency of the film.
Acetate masks of any desired microchannel design can be procured
commercially. However, the cheaper alternative of printing the photomask on
an overhead projector acetate sheet was used, utilising a laser jet printer (HP
LJ300-400, dpi = 300). This sheet of acetate was affixed to a plain glass 5-inch
wafer, placed within the UV cube over the silicon wafer and was exposed to
UV light for 40 seconds (for an SUEX depth of 400 µm). Figure B.6 shows the
test channel designs and the subsequent print on paper. It is apparent that the
channel geometry borders are not sharp compared to commercially made masks,





Figure B.6: (A) The test channels that were printed on an acetate sheet. (B)
The test channels initially were printed on paper. The jagged channel walls are
visible, which could be corrected using a higher quality printer.
 




This appendix details the extra rheology tests undertaken in order to determine
if the relaxation times of the fluids could be calculated, which could be used
to determine Weissenberg and Deborah numbers. The loss and storage moduli
recorded using a rheometer for three CTAC solution concentrations are detailed.
Relaxation Times Determination From Rheology
Tests
The Giesekus-model relaxation times of 200 and 1,000 ppm CTAC/NaSal
solutions have been estimated as 0.25 s and 0.57 s in the literature respectively
(Li et al. (2010)). To confirm the relaxation times of the CTAC/NaSal solutions
tested for this work, an oscillation-frequency sweep was conducted on the 500 and
1,000 ppm fluids, in addition to a 200 ppm solution sample, using a Discovery
Hybrid Rheometer (TA Instruments DHR-2), as the Brookfield DV3T rheometer
does not measure relaxation times. The fluid sample was placed between 25 mm
parallel plates.
Figure C.1 shows the complex viscosity as a function of frequency obtained
from the rheology tests. It is apparent that the viscosity is in the order of ≈
103 higher than that specified in the literature or recorded using the Brookfield
rheometer, as reported in Chapter 4. The zero-shear viscosity for all three
different solutions was similar, indicating that an accurate measure of these fluids
viscosities is difficult to obtain.
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Figure C.1: Complex viscosity versus frequency of the 200, 500 and 1,000 ppm
CTAC/NaSal solutions.
The elastic modulus (G’, energy stored in the fluid sample) and loss modulus
(G”, energy dissipated from the fluid sample), were measured. These moduli, in








1 + ω2τ 2
(C.2)
where ω is the angular frequency, and τ is the stress tensor (Humbert and
Decruppe (1998)). The reciprocal of the frequency at the point of crossover
between G’ and G” yielded the stress relaxation time λr (Zhao et al. (2015)).
Figure C.2 shows (A) a crossover point and (B) no crossover between the elastic
and loss moduli for two tests of separate 1,000 ppm solution samples at different
frequencies. Similar test results were recorded for the 200 and 500 ppm solutions
across the same range of frequencies for repeated tests. It is apparent that the















































Figure C.2: Storage and loss moduli as a function of frequency for a 1000 ppm
CTAC/NaSal solution, where (A) a crossover was recorded and (B) a crossover did
not occur during testing.
Figure C.3 shows the storage and loss moduli as a function of frequency for
the 200 ppm, 500 ppm and 1,000 ppm CTAC/NaSal solutions respectively. The
inverse frequency at the crossover points yielded λr values of 0.769 s, 0.666 s and
0.714 s respectively. Intuitively, λr for the 200 ppm should have the lowest value,
yet the rheometer experiments yielded the lowest λr for the 500 ppm solution,
suggesting that the results obtained may be inaccurate.
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Figure C.3: Storage and loss moduli as a function of frequency for (A) 200 ppm,
(B) 500 ppm and (C) 1000 ppm CTAC/NaSal solutions.
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This appendix details the generation and calibration of the Michel-Lévy chart for
the purpose of calculating the Weissenberg number from the first normal stress
difference observed from birefringence data. The birefringent value of a fluid could
be determined from the circular polariser set-up, resulting in the calculation of
the retardation of the sample using the Michel-Lévy chart. If the stress-optical
coefficient value of the fluid is known, the first normal stress difference could be
calculated. This value, in conjunction with the shear stress from µPIV data,
would be used to calculate the Weissenberg number optically, compared to the
typical fluid rheology parameter calculations.
D.1 Generating the Michel-Lévy chart
The first normal stress difference, N1, is a measure of the effect of elasticity within
viscoelastic solutions (Li et al. (2012)):
N1 = τxx − τyy (D.1)
where τxx and τyy are the normal stress components. The shear stress, τyx, which
can be calculated from the shear rate results of the µPIV data (τyx = γ̇η) , can
be used in conjunction with the first normal stress difference to calculate the
Weissenberg number (Poole (2012)):




The colour change exhibited by the fluids within the channels can be related
to the birefringence value from a Michel-Lévy chart, which has been used by
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scientists to characterise the birefringence and retardance observed in various
crystals (Delly (2003)). This interference chart was generated using the following
equations, as described by Sørensen (2013). As the polarizer and analyzer are
crossed at 90◦ (see Chapter 2), the degree of transmission, L, is described as
follows:






where Γ is the path difference (retardation) generated during the passing of
light through an anisotropic material and λ is the light wavelength. A spectral
transmission matrix, described by Equation D.4, is produced from the various
retardations possible due to the visible spectrum range (360 nm to 830 nm):
Iλ =

L(Γ1, 360nm) . . . L(Γn, 360nm)
. . . . .
. . . . .
. . . . .
L(Γ1, 830nm) L(Γn, 830nm)
 (D.4)
The colours produced by this matrix must be recalculated to representative
human vision colour using CIE 1931 colour matching functions (Sørensen (2013)).








where X, Y , Z are the human vision colour co-ordinates, Iλ is the spectral
transmission matrix and ~rλ, ~gλ and ~bλ are the sensitivity functions for red, green
and blue respectively (Sørensen (2013)). A further transformation step is required
to convert the values of the above equation, so that digital devices can display
the results that replicate human vision colour. This is achieved by applying a









D.2 Calibration of Michel-Lévy chart
where:
MRGB =
2.04414 −0.5649 −0.3447−0.9693 1.8760 0.0416
0.0134 −0.1184 1.0154
 (D.7)
A clipping was applied that limited the RGB values within the range of 0 and
1. A gamma correction of 0.5 was applied to transfer the linear RGB to a non-
linear version, to display the correct colour chart on a digital screen (Sørensen
(2013)). The Michel-Lévy plot generated by these equations is displayed in
Figure D.1. This plot can be used to compare the colour change generated by a
viscoelastic fluid in a microchannel.





































Figure D.1: Generated Michel-Lévy chart.
D.2 Calibration of Michel-Lévy chart
A quartz wedge (Zeiss Optics) with a 4-lambda spacing, shown in Figure D.2(A),
was used to calibrate the system. This wedge, when inserted to the circular





Figure D.2: (A) Quartz wedge and (B) as seen through polarized light.
Quartz has a birefringence value of 0.09, which was extracted from the
alternative display of the Michel-Lévy chart shown in Figure D.3 (A). The
extracted section, showing the colour changes corresponding to what is seen
within the quartz wedge in a polarized state, is shown in Figure D.3 (B), with
the colour bands exhibited for the same plot when using a 532 nm filter shown
in (C).


























Figure D.3: (A) Colour map associated with sample thickness as a function of
birefringence. (B) Quartz birefringent value of 0.09, taken from (A), with colour
gradients changing with sample thickness, with the 532 nm (green) filter version
shown in (C).
The wave-numbers (distance between peak waves) associated with the red,
green and blue channels due to the varying wedge thickness were extracted from
a colour image of the quartz wedge within the polariscope (acquired using a
Thor Lab DCC1545M camera). A pixel-to-distance conversion was multiplied
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by the individual wave-numbers obtained from the experimental set-up. The
wave-numbers associated with the RGB theoretical channels for the quartz
birefringence value of 0.09, shown in Figure D.3 (B), were multiplied by the
thickness. These values were plotted against each other, and resulted in a rough
estimation of the thickness as a function of the distance along the profile of
the quartz wedge. This graph is shown in Figure D.4 (A). As a result of this
calibration, the experimental figure of the quartz image shown in Figure D.4 (B)
can be accurately compared to the Michel-Lévy chart for a known distance, as
apparent in Figure D.4 (C). Thus, it is possible to align the Michel-Lévy chart







Figure D.4: (A) Thickness as a function of the distance along the quartz wedge
sample, as calculated using the experimental and theoretical data. The yellow line
indicates the best fit line for the calculated blue data line. (B) Image of the quartz
wedge within the circular polariscope from which the thickness was calculated
experimentally. The comparative Michel-Lévy chart for a known distance is shown
in (C).
The stress-optical coefficient of the two concentrations of CTAC/NaSal
solutions was unknown and could not be determined for this work. However,
if this value is known, the stresses could have been calculated from the following
relations. For 2D flow, the stress-optic law is defined as follows (Martyn et al.
(2000)):
∆n = C∆σ (D.8)
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where θstress is the angle between the polarisation direction and the principal
stress axis (Martyn et al. (2000). Using both a known stress-optical coefficient,
the ∆n calculated from the known colour change and sample thickness identified
in the Michel Lévy chart, it could be possible as part of future work to identify
the stresses exhibited by viscoelastic fluids in various channel geometries, and use
these values to determine the Weissenberg number.
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The calibration certificates of the differential pressure transducer and mass flow




Figure E.1: Calibration certificate for Omega differential pressure transducer.
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Figure E.2: Calibration certificate for Bronkhorst flow meter.
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The various parameter results measured in the 500 µm serpentine channels for
Newtonian, 500 and 1,000 ppm CTAC/NaSal solutions omitted from the Chapter
3 are presented in this appendix.
Table F.1 shows the flow rates, Reynolds numbers and Dean numbers of
the three fluid solutions per applied pressure drop through the 500 µm deep
channel. The velocity magnitudes, fluctuation magnitudes, flow-type parameters,
correlation coefficients and divergence plots of the three fluids for various applied
































































































































































































































































































Figure F.1: Velocity magnitude plots for Newtonian flow in the 500 µm deep
channel for applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa,























Figure F.2: Velocity magnitude plots for the 500 ppm CTAC/NaSal flow in the
500 µm deep channel for applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa,


























Figure F.3: Velocity magnitude plots for the 1,000 ppm CTAC/NaSal flow in the
500 µm deep channel for applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa,
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Figure F.4: Fluctuation magnitude of Newtonian flow in a 500 µm channel at
applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E) 50 kPa
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Figure F.5: Fluctuation magnitude of 500 ppm solution in a 500 µm channel at
applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E) 50 kPa,
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Figure F.6: Fluctuation magnitude of 1,000 ppm solution in a 500 µm channel
at applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E) 50









Figure F.7: Flow-type parameter of a Newtonian solution in a 500 µm channel
for the applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E)









Figure F.8: Flow-type parameter of a 500 ppm solution in a 500 µm channel for
the applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E) 50









Figure F.9: Flow-type parameter of a 1,000 ppm solution in a 500 µm channel
for the applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa, (E)




























































































































































































































































Figure F.18: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.19: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.20: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.21: (A)Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.22: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.23: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.24: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.25: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.26: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.27: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.28: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.29: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.30: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.31: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.32: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.33: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.34: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.35: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.36: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.37: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.38: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.39: (A) Vt and (B) Vn of Newtonian flow in the 500 µm channel at 25%



























Figure F.40: (A) Vt and (B) Vn of Newtonian flow in the 500 µm channel at 50%



























Figure F.41: (A) Vt and (B) Vn of Newtonian flow in the 500 µm channel at 75%



























Figure F.42: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.43: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.44: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 500



























Figure F.45: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.46: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500



























Figure F.47: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 500
















Figure F.48: Divergence of Newtonian flow in a 500 µm channel for applied


















Figure F.49: Divergence of Newtonian flow in a 500 µm channel for an applied




















Figure F.50: Divergence of Newtonian flow in a 500 µm channel for an applied





















Figure F.51: Divergence of Newtonian flow in a 500 µm channel for an applied






















Figure F.52: Divergence of Newtonian flow in a 500 µm channel for an applied





















Figure F.53: Divergence of Newtonian flow in a 500 µm channel for an applied


















Figure F.54: Divergence of Newtonian flow in a 500 µm channel for an applied
















Figure F.55: Divergence of Newtonian flow in a 500 µm channel for an applied

















Figure F.56: Divergence of Newtonian flow in a 500 µm channel for an applied













Figure F.57: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for





















Figure F.58: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for























Figure F.59: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for

























Figure F.60: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for



















Figure F.61: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for





















Figure F.62: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for























Figure F.63: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for























Figure F.64: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for

















Figure F.65: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for





















Figure F.66: Divergence of 500 ppm CTAC/NaSal flow in a 500 µm channel for















Figure F.67: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel























Figure F.68: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel



















Figure F.69: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel





















Figure F.70: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel























Figure F.71: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel





















Figure F.72: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel





















Figure F.73: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel























Figure F.74: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel
























Figure F.75: Divergence of 1,000 ppm CTAC/NaSal flow in a 500 µm channel
for an applied pressure of 90 kPa.
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Appendix G
The various parameter results measured in the 250 µm serpentine channels for
Newtonian, 500 and 1,000 ppm CTAC/NaSal solutions are presented in this
appendix.
Table G.1 shows the flow rates, Reynolds numbers and Dean numbers of
the three fluid solutions per applied pressure drop through the 250 µm deep
channel. The velocity magnitudes, fluctuation magnitudes, flow-type parameters,
correlation coefficients and divergence plots of the three fluids for various applied


































































































































































































































































































Figure G.1: Velocity magnitude plots for Newtonian flow in the 250 µm deep
channel for applied pressures of (A) 7.5 kPa, (B) 10 kPa, (C) 20 kPa, (D) 40 kPa,


































Figure G.2: Velocity magnitude plots for the 500 ppm CTAC/NaSal flow in the
250 µm deep channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa,
(D) 10 kPa, (E) 20 kPa (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80

































Figure G.3: Velocity magnitude plots for the 1,000 ppm CTAC/NaSal flow in
the 250 µm deep channel for applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5
kPa, (D) 10 kPa, (E) 20 kPa (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J)





















































Figure G.4: Velocity magnitude plots for the three solutions at the various depths
indicated within the 250 µm channel for an applied pressure of 2.5 kPa. (A) to (C)
show Newtonian flow, (D) to (F) are the 500 ppm solution and (G) to (I) are the










Figure G.5: Fluctuation magnitude of a Newtonian fluid in a 250 µm channel at
applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa, (E) 20 kPa,











Figure G.6: Fluctuation magnitude of 500 ppm CTAC/NaSal solution in a 250
µm channel at applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10










Figure G.7: Fluctuation magnitude of 1,000 ppm CTAC/NaSal solution in a 250
µm channel at applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10
































Figure G.8: Fluctuation magnitude of the (A) — (C) Newtonian, (D) — (F) 500
ppm and (G) — (I) 1,000 ppm CTAC/NaSal solutions respectively for an applied











Figure G.9: Flow-type parameter of a Newtonian solution in a 250 µm channel
for the applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D) 10 kPa, (E)










Figure G.10: Flow-type parameter of a 500 ppm CTAC/NaSal solution in a 250
µm channel for the applied pressures of ((A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa, (D)
10 kPa, (E) 20 kPa, (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80 kPa









Figure G.11: Flow-type parameter of a 1,000 ppm CTAC/NaSal solution in a
250 µm channel for the applied pressures of (A) 2.5 kPa, (B) 5 kPa, (C) 7.5 kPa,
(D) 10 kPa, (E) 20 kPa, (F) 30 kPa, (G) 40 kPa, (H) 50 kPa, (I) 60 kPa, (J) 80




























Figure G.12: Flow-type parameter of the Newtonian, 500 ppm and 1,000 ppm
CTAC/NaSal solutions in a 250 µm channel for the depths indicated for an applied
















































































































































































































































































































































Figure G.24: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.25: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.26: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.27: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.28: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.29: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.30: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.31: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.32: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.33: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.34: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.35: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.36: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.37: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.38: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.39: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.40: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.41: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.42: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.43: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.44: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.45: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.46: (A) Vt and (B) Vn of Newtonian flow in the 250 µm channel at 25%



























Figure G.47: (A) Vt and (B) Vn of Newtonian flow in the 250 µm channel at 50%



























Figure G.48: (A) Vt and (B) Vn of Newtonian flow in the 250 µm channel at 75%



























Figure G.49: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.50: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.51: (A) Vt and (B) Vn of 500 ppm CTAC/NaSal fluid flow in the 250



























Figure G.52: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.53: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250



























Figure G.54: (A) Vt and (B) Vn of 1,000 ppm CTAC/NaSal fluid flow in the 250




The divergence throughout the various depths for the 2.5 kPa case of Newtonian,
500 ppm and 1,000 ppm solution flows in the 250 µm channel are shown in



















Figure G.55: Divergence of the Newtonian fluid at 25%, 50% and 75% depths in





















Figure G.56: Divergence of the 500 ppm solution at 25%, 50% and 75% depths























Figure G.57: Divergence of the 1,000 ppm solution at 25%, 50% and 75% depths













Figure G.58: Divergence of Newtonian flow in a 250 µm channel for an applied

























Figure G.59: Divergence of Newtonian flow in a 250 µm channel for an applied



















Figure G.60: Divergence of Newtonian flow in a 250 µm channel for an applied























Figure G.61: Divergence of Newtonian flow in a 250 µm channel for an applied





















Figure G.62: Divergence of Newtonian flow in a 250 µm channel for an applied





















Figure G.63: Divergence of Newtonian flow in a 250 µm channel for an applied























Figure G.64: Divergence of Newtonian flow in a 250 µm channel for an applied



















Figure G.65: Divergence of Newtonian flow in a 250 µm channel for an applied



















Figure G.66: Divergence of Newtonian flow in a 250 µm channel for an applied





















Figure G.67: Divergence of Newtonian flow in a 250 µm channel for an applied


















Figure G.68: Divergence of Newtonian flow in a 250 µm channel for an applied




















Figure G.69: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for























Figure G.70: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for





















Figure G.71: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for























Figure G.72: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for

























Figure G.73: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for


















Figure G.74: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for























Figure G.75: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for























Figure G.76: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for























Figure G.77: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for

















Figure G.78: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for





















Figure G.79: Divergence of 500 ppm CTAC/NaSal flow in a 250 µm channel for





















Figure G.80: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel




















Figure G.81: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel























Figure G.82: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel

























Figure G.83: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel



















Figure G.84: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel



















Figure G.85: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel





















Figure G.86: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel























Figure G.87: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel






















Figure G.88: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel






















Figure G.89: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel























Figure G.90: Divergence of 1,000 ppm CTAC/NaSal flow in a 250 µm channel
for an applied pressure of 100 kPa.
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Appendix H
H.1 Sample Matlab code
Below are samples of the codes used to align the birefringence images, and
calculate the power law fluid velocities.
H.1.1 Birefringence Images
1 %% Code f o r a l i g n i n g images and then tak ing average f o r
background image
2 %Align background images
3
4 cd 'C:\ Users\User\Desktop\B i r e f r i n g e n c e \B i r e f r i n g e n c e
t e s t s \250um channel 500ppm t e s t s \background\ gain1 '
5
6 f o l d e r = 'C:\ Users\User\Desktop\B i r e f r i n g e n c e \
B i r e f r i n g e n c e t e s t s \250um channel 500ppm t e s t s \
background\ gain1 ' ;
7
8 f i l e P a t t e r n = f u l l f i l e ( f o l d e r , 'background * . t i f ' ) ;
9 f = d i r ( f i l e P a t t e r n ) ;
10 f i l e s = { f . name} ;
11
12 f o r n = 1 : numel ( f i l e s )
13 data = imread ( f i l e s {n}) ;





17 f i g u r e ( )
18 subplot (121)
19 Im2 = ce l l 2mat ( permute (Im , [ 1 , 3 , 2 ] ) ) ;
20 imagesc ( squeeze ( Im2 ( : , 5 0 0 , : ) ) )
21
22 [ opt imizer , metr ic ] = imregcon f i g ( 'monomodal' ) ;
23 t i c
24 f o r n = 2 : l ength (Im)
25 d i sp ( [ 'Image : ' , num2str (n) , ' o f ' , num2str ( l ength (Im) )
] )
26 Im{n} = i m r e g i s t e r (Im{n} , Im{1} ,' t r a n s l a t i o n ' , opt imizer





31 Im2 = ce l l 2mat ( permute (Im , [ 1 , 3 , 2 ] ) ) ;
32 imagesc ( squeeze ( Im2 ( : , 5 0 0 , : ) ) )
33
34 %%
35 %Save background image
36 background = ze ro s ( l ength ( Im2 ( : , 1 , 1 ) ) , l ength ( Im2 ( 1 , : , 1 ) ) ) ;
37
38 f o r n = 1 : l ength ( Im2 ( 1 , 1 , : ) ) ;
39 background = background + double ( Im2 ( : , : , n ) ) ;
40 end
41
42 background = background / n ;
43 f i g u r e
44 imagesc ( background )
45 s e t ( gca , 'XTick' , [ ] )
46 s e t ( gca , 'YTick' , [ ] )
47 s e t ( gca , 'Pos i t i on ' , [ 0 0 1 1 ] )
H-2
H.1 Sample Matlab code
48 imwrite ( u int16 ( background ) , ' f i n a l a v g b g . t i f ' )
——————————————————————————————-
1 %% Align a l l images f o r c e r t a i n f low ra t e
2 c l o s e a l l
3 c l e a r v a r s =except background
4 cd 'C:\ Users\User\Desktop\B i r e f r i n g e n c e \B i r e f r i n g e n c e
t e s t s \250um channel 500ppm t e s t s \1000mbar\ gain1 '
5 f o l d e r = 'C:\ Users\User\Desktop\B i r e f r i n g e n c e \
B i r e f r i n g e n c e t e s t s \250um channel 500ppm t e s t s \1000mbar
\ gain1 ' ;
6 f i l e P a t t e r n = f u l l f i l e ( f o l d e r , '1000 mbar * . t i f ' ) ;
7 f = d i r ( f i l e P a t t e r n ) ;
8 f i l e s = { f . name} ;
9
10
11 f o r n = 1 : numel ( f i l e s )
12 data = imread ( f i l e s {n}) ;
13 Im{n} = data (96 : 596 , 360 : 1160 ) ;
14 end
15
16 f i g u r e ( )
17 subplot (121)
18 Im2 = ce l l 2mat ( permute (Im , [ 1 , 3 , 2 ] ) ) ;
19 imagesc ( squeeze ( Im2 ( : , 5 0 0 , : ) ) )
20
21 [ opt imizer , metr ic ] = imregcon f i g ( 'monomodal' ) ;
22 t i c
23 f o r n = 2 : l ength (Im)
24 d i sp ( [ 'Image : ' , num2str (n) , ' o f ' , num2str ( l ength (Im) )
] )
25 Im{n} = i m r e g i s t e r (Im{n} , Im{1} ,' t r a n s l a t i o n ' , opt imizer







30 Im2 = ce l l 2mat ( permute (Im , [ 1 , 3 , 2 ] ) ) ;
31 imagesc ( squeeze ( Im2 ( : , 5 0 0 , : ) ) )
32 c l o s e a l l
33 %% Subtract background image from sequence o f images
34 f i n a l i m a g e s = double ( Im2) ;
35 f im = f i n a l i m a g e s ;
36 save ( '1000 mbar before bg removed ' , ' f i n a l i m a g e s ' )
37 f o r n = 1 : s i z e ( f i n a l i m a g e s , 3 )
38 f i n a l i m a g e s ( : , : , n ) = ( f i n a l i m a g e s ( : , : , n ) ) =
background ;
39 end
40 save ( '1000 mbar minus bg' , ' f i n a l i m a g e s ' )
41 %must f l i p l r images to match the o r i e n t a t i o n o f PIV
measurements
42 %% Convert images to movie
43 v = VideoWriter ( '1000 mbar case' , 'MPEG=4' ) ;
44 v . FrameRate = 9 ; %Frame ra t e o f Hamamatsu camera
45
46 open ( v )
47 f o r k = 1 : l ength ( f i n a l i m a g e s ( 1 , 1 , : ) )
48 imagesc ( abs ( f l i p l r ( f i n a l i m a g e s ( : , : , k ) ) ) ) ;
49 daspect ( [ 1 1 1 ] ) ;
50 s e t ( gca , ' p o s i t i o n ' , [ 0 0 1 1 ] , 'un i t s ' , 'normal ized ' ) ;
51 s e t ( gca , 'YTick' , [ ] ) ;
52 s e t ( gca , 'XTick' , [ ] ) ;
53 colormap hot ;
54 c a x i s ( [ 0 6 0 ] )
55 drawnow ;
56 frame = getframe ;
57 writeVideo (v , frame ) ;
58 end
H-4
H.1 Sample Matlab code
59 c l o s e ( v )
60 c l o s e a l l
61 %% Save mean image l e s s background
62
63 b i r e f i m a g e = mean( f im , 3 ) ;
64 f i g u r e
65 imagesc ( f l i p l r ( abs ( b i r e f image=background ) ) )
66 daspect ( [ 1 1 1 ] )
67 colormap hot
68 c a x i s ( [ 0 6 0 ] )
69 co l o rba r
70 cd 'C:\ Users\User\Desktop\B i r e f r i n g e n c e \B i r e f r i n g e n c e
t e s t s \250um channel 500ppm t e s t s \1000mbar\ gain1 '
71 saveas ( gcf , '1000 mbar meanfig' , ' f i g ' )
72 cd 'C:\ Users\User\Desktop\Marian t h e s i s \ t h e s i s Nov\ t h e s i s
Nov\UL t h e s i s Marian\UL t h e s i s template \4
R e s u l t s D i s c u s s i o n \ f i g u r e s '
73 h = f i g u r e (1 ) ;
74 s e t (h , 'Units ' , ' Inches ' ) ;
75 pos = get (h , 'Pos i t i on ' ) ;
76 s e t (h , 'PaperPositionMode' , 'Auto' , 'PaperUnits' , ' Inches ' , '
PaperSize ' , [ pos (3 ) , pos (4 ) ] )
77 p r i n t (h , '250 um 500ppm 1000mbar image less bg' , '=dpdf' , '=r0
' )
——————————————————————————————-
H.1.2 Power Law Model
1 %% Power Law Ana ly t i c a l Model , January 2018
2 %”Heat t r a n s f e r to Newtonian and Non=Newtonian Flu ids in
Rectangular
3 % Ducts ” , J .P . Hartnett and M. Kost ic . Sdvances in Heat
t r a n s f e r , Vol . 19 .
4
5 %% Fluid p r o p e r t i e s
H-5
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6 rho = 9 9 8 . 2 3 ; %kg/mˆ3 f o r water at 20
degree s C
7 mu = 1e=3;%44e=3; 19 .2 e=3; %Pa . s f o r water at 20
degree s C
8
9 %% Channel p r o p e r t i e s
10 H = 250e=6; %he ight (m)
11 W = 250e=6; %width (m)
12 L = 1 ; %Channel l ength (m)
13 Area = H*W; %Channel area (mˆ2)
14 a = W/2 ;
15 b = H/2 ;
16 AR = W/H; %aspect r a t i o
17 Dh = s q r t ( Area ) ; %hydrau l i c diameter (m)
18 P = (2*H) +(2*W) ; %per imeter (m)
19 n = 1 ; %power law index in power
law f l u i d model
20 AR = round ((100*AR) ./100 ) ;
21
22 %% %Flow r a t e s
23 Q = 0 .293794 ; %ml/min
24 Q conv = Q * 1 .667E=8; %mˆ3/ s
25 U = Q conv . / Area ; %m/ s
26 Re =(( rho .*U.*Dh) . / (mu) ) ; %Reynolds Number f o r
Newtonian
27 f = 16/Re ; %F r i c t i o n f a c t o r f o r
Newtonian
28 K = 14e=3; %Cons is tency index (Pa . s )
29
30 %% Nodes
31 y nodes = 99 ; %Num nodes in
y
32 z nodes = 99 ; %Num nodes in
z1 : 1
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33 yx = l i n s p a c e ((=H. / 2 ) , (H. / 2 ) , y nodes ) ; %Grid in y (
he ight )




37 %% C o e f f i c i e n t s c a l c u l a t i o n
38 A = [ ] ; %array o f c o e f f i c i e n t s
39
40 i f AR == 1
41 %n = [ 1 0 .75 0 . 5 ] ;
42 A = [ 2 . 3 4 6 2 .313 2 . 2 6 3 ;
43 0 .156 0 .205 0 . 2 7 8 ;
44 0 .156 0 .205 0 . 2 7 8 ;
45 0 .0289 0 .0007 =0.0285;
46 0 .036 0 .0434 0 . 0 5 5 5 ;
47 0 .036 0 .0434 0 . 0 5 5 5 ] ;
48 e l s e i f AR == 0.75
49 %n = [ 1 0 .75 0 . 5 ] ;
50 A = [ 2 . 3 4 1 2 .31 2 . 2 6 3 ;
51 0 .204 0 .235 0 . 2 8 6 ;
52 0 .119 0 .18 0 . 2 6 7 ;
53 0 .0256 0 .0001 =0.0277;
54 0 .0498 0 .0568 0 . 0 6 4 4 ;
55 0 .0303 0 .0364 0 . 0 5 0 5 ] ;
56 e l s e i f AR == 0.5
57 %n = [ 1 0 .75 0 . 5 ] ;
58 A = [ 2 . 3 1 1 2 .288 2 . 2 4 9 ;
59 0 .296 0 .299 0 . 3 1 2 ;
60 0 .104 0 .174 0 . 2 7 4 ;
61 0 .0285 0 .012 =0.0101;
62 0 .0795 0 .0811 0 . 0 7 8 ;
63 0 .0303 0 .0364 0 . 0 5 0 1 ] ;
64 e l s e i f AR == 0.25
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65 %n = [ 1 0 .75 0 . 5 ] ;
66 A = [ 2 . 2 2 7 2 .221 2 . 2 0 5 ;
67 0 .503 0 .459 0 . 4 0 7 ;
68 0 .0867 0 .16 0 . 2 7 ;
69 0 .0274 0 .0312 0 . 0 2 5 7 ;
70 0 .184 0 .160 0 . 1 3 1 ;
71 0 .0189 0 .0210 0 . 0 3 6 4 ] ;
72 e l s e
73 % AR
74 di sp ( 'Error : Aspect r a t i o va lue s o f 1 , 0 . 7 5 . 0 . 5 or
0 .25 only can be used' )
75 end
76
77 i f n == 1
78 A1 = A(1 ,1 ) ;
79 A2 = A(2 ,1 ) ;
80 A3 = A(3 ,1 ) ;
81 A4 = A(4 ,1 ) ;
82 A5 = A(5 ,1 ) ;
83 A6 = A(6 ,1 ) ;
84 e l s e i f n == 0.75
85 A1 = A(1 ,2 ) ;
86 A2 = A(2 ,2 ) ;
87 A3 = A(3 ,2 ) ;
88 A4 = A(4 ,2 ) ;
89 A5 = A(5 ,2 ) ;
90 A6 = A(6 ,2 ) ;
91 e l s e i f n == 0.5
92 A1 = A(1 ,3 ) ;
93 A2 = A(2 ,3 ) ;
94 A3 = A(3 ,3 ) ;
95 A4 = A(4 ,3 ) ;
96 A5 = A(5 ,3 ) ;
97 A6 = A(6 ,3 ) ;
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98 e l s e
99 d i sp ( 'n va lue s o f 1 , 0 .75 or 0 .5 only can be used' )
100 end
101
102 %% Ana ly t i c a l So lu t i on
103 num terms = 1 : 1 : 6 ;
104 a i = [ 1 , 3 , 1 , 3 , 5 , 1 ] ;
105 Bi = [ 1 , 1 , 3 , 3 , 1 , 1 ] ;
106 Ai = [ A1 , A2 , A3 , A4 , A5 , A6 ] ;
107
108 u = ze ro s ( l ength ( yx ) , l ength ( zx ) ) ;
109 Sum = 0 ;
110
111 % % ACTUAL LOOP
112 f o r y = 1 : l ength ( yx )
113 f o r z = 1 : l ength ( zx )
114 Sum = 0 ;
115 Z1 = pi . * ( ( ( zx ( z ) . / a )+1) . / 2 ) ;
116 Y1 = pi . * ( ( ( yx ( y ) . / b)+1) . / 2 ) ;
117 f o r i =1: l ength ( num terms )
118 Sum = Sum + ( Ai ( i ) .* s i n ( a i ( i ) .*Z1) .* s i n ( Bi
( i ) .*Y1) ) ;
119 end




124 %% F r i c t i o n f a c t o r
125 %Schechter f r i c t i o n f a c t o r
126 Re plus = ( rho .* (U.ˆ(2=n) ) .* (Dh. ˆ ( n) ) ) . / K;
127 f p r i n t f ( 'Reynolds Number = %2f \n' , Re plus ) ;
128
129 f f = ( 7 . 4 9 4 2* ( ( ( 1 . 7 3 3 . / n) +5.8606) . ˆ n) ) . / ( 4 . * Re plus ) ;
130 f p r i n t f ( 'F r i c t i o n Factor = %2f \n' , f f ) ;
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131 %Kozick i f r i c t i o n f a c t o r
132 bs ta r = [ ] ;
133 a s t a r = [ ] ;
134 c = [ ] ;
135
136 i f AR == 1
137 a s ta r = 0 . 2 1 2 1 ;
138 bs ta r = 0 . 6 7 7 1 ;
139 c = 1 4 . 2 2 7 ;
140 e l s e i f AR == 0.75
141 a s t a r = 0 . 2 1 7 8 ;
142 bs ta r = 0 . 6 8 7 ;
143 c = 1 4 . 4 7 6 ;
144 e l s e i f AR == 0.5
145 a s t a r = 0 . 2 4 3 9 ;
146 bs ta r = 0 . 7 2 7 8 ;
147 c = 1 5 . 5 4 8 ;
148 e l s e i f AR == 0.25
149 a s t a r = 0 . 3 2 1 2 ;
150 bs ta r = 0 . 8 1 8 3 ;
151 c = 1 8 . 2 3 3 ;
152 e l s e
153 d i sp ( 'Apect r a t i o out o f range' ) ;
154 end
155
156 Replus = rho .* (U.ˆ(2=n) ) .* (Dh. ˆ n) . / ( ( 8 . ˆ ( n=1) ) * ( ( bs ta r +
( a s t a r . / n) ) . ˆ n) .*K) ;
157 f p r i n t f ( 'Reynolds Number ( Koz ick i ) = %2f \n' , Replus ) ;
158 f f a c t o r = 16 ./ Replus ;
159 f p r i n t f ( 'F r i c t i o n f a c t o r ( Koz ick i ) = %2f \n' , f f a c t o r ) ;
160
161 UU = u / max(max(u) ) ;
162 %% Plot
163 f i g u r e
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164 s u r f ( zx , yx , u , 'LineSty l e ' , 'none' ) ;
165 colormap j e t ;
166 alpha 0 . 5 ;
167 x l a b e l ( 'Width (m) ' ) ;
168 y l a b e l ( 'Height (m) ' )
169 z l a b e l ( 'Ve loc i ty (m/ s ) ' )
170 xlim ([(=W. / 2 ) (W. / 2 ) ] )
171 ylim ([(=H. / 2 ) (H. / 2 ) ] )
172 z l im ( [ 0 max(max(u) ) ] )
173
174 f i g u r e
175 s u r f ( zx , yx ,UU, 'LineSty l e ' , 'none' ) ;
176 colormap j e t ;
177 alpha 0 . 5 ;
178 x l a b e l ( 'Width (m) ' ) ;
179 y l a b e l ( 'Height (m) ' )
180 z l a b e l ( 'U/U {max}' )
181 xlim ([(=W. / 2 ) (W. / 2 ) ] )
182 ylim ([(=H. / 2 ) (H. / 2 ) ] )
183 z l im ( [ 0 max(max(UU) ) ] )
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